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In order to better understand magma chamber dynamics at Lassen Volcanic Center (LVC) and 
Mount St. Helens (MSH) I examine quartz cathodoluminescent textures along with trace element 
abundances in quartz and compositions of quartz-hosted melt inclusions from multiple samples 
over a wide range of ages (LVC: 116 ka-1915; MSH: 272 ka to 84 ka).  I use melt inclusion 
compositions to estimate quartz crystallization temperatures using zircon saturation thermometry 
and titanium abundances in quartz are used to estimate quartz crystallization pressures.  When 
examined from core to rim within an individual grain, these data, along with internal CL-zoning 
textures reveal the dynamic P-T-X history of the magma chamber in which the quartz grew.  
 
Cathodoluminescent images of LVC and MSH quartz reveal complex zoning patterns reflecting 
variability in Ti concentrations in quartz.  The dominant zoning patterns can be divided into five 
major categories: (1) CL-bright rims truncating CL-dark core/mantle, (2) CL-dark rims/mantles 
truncating CL-bright cores, (3) oscillatory growth zones defined by fluctuations in CL-brightness 
with no significant core to rim distinctions, (4) dominantly homogenous grains, that display a 
general absence of distinct CL-defined growth, and (5) complex textures unique to individual 
samples.  Within individual grains, changes in CL intensity (brightness) are correlated with 
changes in Ti concentration.  However, there is no clear distinction in Ti concentration among 
different quartz categories with the exception of a few CL-bright quartz cores in category 2 
quartz crystals from MSH and LVC that tend to have uniquely high Ti concentration.   
 
Overall, complex textures in individual quartz grains suggest dynamic quartz growth conditions.  
In LVC samples, nearly every quartz grain shows evidence of multiple dissolution episodes.  
Quartz grains from both volcanoes are dominantly anhedral to subhedral and have embayments.  
Some grains from the 1915-Lassen Peak-black dacite, the 27-ka-Lassen Peak-dacite eruption of 
Lassen Peak and the 40-50 ka-Hat Mountain-andesite are surrounded by pyroxene coronas.  
MSH quartz grains are also commonly partially dissolved but are relatively more likely to be 
euhedral, never have pyroxene coronas and have fewer embayments, particularly those from the 
oldest MSH sample examined.  Heterogeneous textures in quartz from individual samples 
suggest that quartz grains with different growth histories are commonly erupted together. 
 
Quartz crystallization temperatures and pressures were estimated based on quartz-hosted melt 
inclusion compositions and Ti in quartz abundances.  LVC quartz crystallization pressure and 
temperature estimates range from 652 to 777°C at 0.09 to 3.4 kbar and trends suggest that quartz 
crystallization pressures and temperatures have steadily decreased over the past 116 ka.  At 
MSH, quartz crystallization conditions range from 672°C to 766°C at 0.5 to 5.8 kbar with a 
significant pressure decrease occurring between 272 ka and 147 ka.  These temperatures reflect 
relatively cool storage compared to available eruption temperature estimates.  
 
Pressure and temperature variation within individual samples and individual grains coupled with 
complex CL-zoning further suggests that quartz phenocrysts grew in dynamic environments.  
Low temperatures recorded in quartz-hosted melt inclusions, in conjunction with rounded quartz 
grains imply that in most cases, quartz dissolution was the last event to occur before eruption, 
with no quartz growth during or immediately after the events that triggered eruption.      
 
 v 
Analysis of quartz-hosted melt inclusions reveals some compositional heterogeneities in LVC 
and MSH quartz stable magmas.  At LVC, melt inclusion compositional variability is most likely 
a result of localized crystal dissolution caused by low-volume mafic intrusions resulting in 
compositionally heterogeneities throughout the magma body.  At MSH, compositional variability 
among melt inclusions from different rock samples may reflect a poorly organized magma 
system consisting of distinct magma bodies.  
 
Overall, I propose a model for quartz crystallization in the LVC system in which quartz grains 
grow in relatively cold crystal mush frequently recharged by small scale localized mafic 
intrusions.  These intrusions lead to localized dissolution resulting in compositional 
heterogeneities throughout the residual melt of the crystal mush.  This compositional 
heterogeneity is reflected in compositional variability in quartz-hosted melt inclusions.  Quartz 
grains in the intruded areas are partially dissolved.  Some of the magma is remobilized and 
erupted, some magma is remobilized but not erupted, and some magma is not affected by 
intrusion events.  Frequent remobilization of the magma leads to crystal recycling in which 
quartz grains are dissolved and remobilized by mafic intrusions.  This process allows grains with 
different growth histories to be relocated proximal to one another and eventually erupted 
together.    
 
Quartz crystallization at MSH during the from 272 to 84 ka during the Ape Canyon stage more 
likely occurred in a poorly organized system of separate magma bodies with little to no mafic 
input.  However, changes in quartz crystallization pressures over time may reflect the early 
stages of organization of the MSH magma body.  Additionally, the increased abundance of 
internal dissolution textures in quartz over time may reflect dissolution from the input of 
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In this thesis, I use the names Lassen Peak and Mount St. Helens to describe the two volcanic 
systems of the Cascade Volcanic Arc.  Lassen Peak is known as Kohm Yah-ma-nee to the Native 
American Maidu Tribe among other names.  Mount St. Helens is known as Lawetlat’la to the 
Cowlitz people and Loowit and Louwala-Clough to the Klickitat people of the Pacific Northwest.  
I use the European names as these are the conventional names used in scientific literature but 
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Models of magma storage describe the variety of open-system magmatic processes that 
influence magma genesis and magma evolution including magma mixing (Kent et al., 2010) and 
crustal assimilation (Streck, 2008).  Models of late-stage magma storage in particular elucidate 
the processes that lead to eruptions.  Studies of felsic and intermediate volcanic magma 
chambers highlight the dominant role that magma rejuvenation plays in late-stage magma 
chamber dynamics (Rutherford and Devine 1988; Clynne, 1990; Cashman, 1992; Blundy and 
Cashman, 2001; Feeley et al., 2008; Claiborne et al., 2010; Klemetti and Clynne, 2014).  Magma 
rejuvenation, the processes by which, a body of magma is injected into a separate magma 
chamber, is interpreted to have occurred in a variety of magma bodies (Bachmann et al., 2002; 
Wiebe et al., 2004; Wiebe et al., 2007; Molloy et al., 2008: Klemetti and Clynne, 2014) 
including less crystalized crystal mush bodies such as the Yellowstone Caldera or Toba Magma 
System (Girard and Stix, 2009; Vazquez and Reid, 2004).  The thermal and kinetic effects of 
these intrusions may be local or widespread, depending on the specific conditions (Klemetti and 
Clynne, 2014).  In smaller arc-based magmatic systems, magma rejuvenation leads to 
mobilization of a crystal mush causing the recycling of grains and mixing of grains with different 
ages and growth histories.  At Mount St. Helens and the Lassen Volcanic Center, the presence of 
coevally erupted populations of zircon grains with variable ages and trace-element 
concentrations reflects frequent recharge events and crystal recycling (Claiborne et al., 2010, 
Klemetti and Clynne, 2014).  Similarly, complex textures, trace element variability, and age 
relations in plagioclase and pyroxene from the andesitic system of Soufrière Hillls Volcano are 
explained by mafic recharge (Zellmer et al., 2003; Zellmer et al., 2005).  Mixed trace element 
and age data of zircons and plagioclase grains from the South Sister Volcano in Oregon also 
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reflects recycling of grains from different magma batches (Stelten and Cooper, 2012).  In each 
case, an influx of magma leads to convective self-stirring where a magma body receiving heat 
from below and losing heat at the top undergoes convection, mixing, and the subsequent 
intermingling of crystals with different growth histories.  This process results in the coexistence 
of grains grown under diverse conditions within single eruptions (Couch et al., 2001; Bachmann 
et al., 2002).  Additionally, these processes can result in disequilibrium mineral textures, variable 
ages, and variable mineral and melt inclusion compositions erupted coevally (Bachmann et al., 
2002; Zellmer et al., 2003; Zellmer et al., 2005; Wiebe et al., 2004; Wiebe et al., 2007; Molloy 
et al., 2008; Stelten and Cooper, 2012).   
Where the onset of volcanic eruptions relies on magma mixing, the erupted magma can 
be broken into three main stages or components: a relatively cool silicic reservoir, an intruding 
mafic/and or hotter magma, and an erupted intermediate magma (Streck et al., 2007; Kent et al., 
2010; Klemetti and Clynne, 2014).  Mixing between the dacitic and basaltic magma is critical as, 
in some volcanic systems, the density of the mafic magma and the viscosity of the dacitic magma 
serve as barriers to eruption (Kent et al., 2010).  Mixing between these two components, may 
generate a magma fit for eruption (Kent et al., 2010).  However, mixing also obscures the 
compositional and petrogenetic signatures of the original mafic and silicic components.  
Subsequently, analyses of these eruptions, often based on whole rock geochemistry, lack a 
detailed interpretation of the basaltic and dacitic components.   
Mineral-focused studies serve as one way to decipher specific details about magma 
storage and evolution.  Mineralogical studies that examine magma mixing commonly rely on 
mineral phases such as plagioclase or amphibole, which commonly display important internal 
textures vital to interpreting these mixing events (i.e. growth zones).  These textures are visible 
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using petrographic microscopy and scanning electron microscope back-scattered electron 
imagery (SEM-BSE) (e.g. Schwab and Castro, 2007; Castro et al., 2013; Quinn, 2014).  Zircon 
grains are also useful for their ability to record textures as well as magma conditions and ages 
(e.g. Claiborne et al., 2010; Reid et al., 2011; Klemetti and Clynne, 2014).  Studies of mafic 
minerals such as olivine and pyroxene reveal information about intruding basaltic magmas and 
plagioclase crystals document the history of some of the dacitic melts (e.g. Grove et al., 2005; 
Baggerman and DeBari, 2011).   
Studies that examine mineral textures however typically ignore quartz because of its 
simple and consistent major element composition and because when viewed using traditional 
petrographic techniques or BSE, it lacks internal textures such as growth zones.  Scanning 
electron microscope cathodoluminescence (SEM-CL) imaging, however, reveals textures in 
quartz that are otherwise not observable using any other techniques.  Such textures may reflect 
primary growth and dissolution, secondary fractures, growth around fluid or melt inclusions, or 
disequilibrium textures in quartz (Wark, 2007, Rusk, 2012; Matthews et al., 2012, Vasyukova et 
al., 2013).  These CL-defined textures result from mineral impurities caused by the presence of 
trace elements in the quartz structure as well as crystal lattice defects (Götze, 2009; Müller, 
2000; Vasyukova et al., 2013).  Numerous studies show that CL intensity (brightness) in igneous 
and high temperature and hydrothermal quartz is directly related to Ti concentration in quartz 
(Matthews et al., 2012; Wark et al., 2007; Rusk et al., 2008; Leeman et al., 2012; Audétat, 
2013).  Therefore, CL images provide a qualitative proxy for Ti content throughout quartz 
phenocrysts in which zones of different CL intensity represent fluctuating Ti concentrations.  
The importance of Ti has been highlighted in several studies that show that Ti concentration in 
quartz is controlled by pressure, temperature, and Ti activity of the melt (aTiO2) (Thomas et al., 
 4 
2010; Huang and Audétat, 2012).  Therefore, in volcanic quartz phenocrysts, from core to rim, 
these textures serve as a time-progressive archive of the pressure, temperature, of geochemical 
conditions of quartz growth (and dissolution).  Including quartz in the study of late-stage 
magmatic processes is therefore vital as it can provide a unique window into the storage 
conditions of the silicic magma chamber exclusively and uniquely at its latest stages of 
fractionation and thus just prior to eruption.  This information, combined with studies of other 
minerals, allows for a complete framework of magma chamber processes throughout magma 
genesis, fractionation, mixing, and eruption.     
In this study, I present a systematic characterization and analysis of quartz CL textures 
along with quartz compositions and quartz-hosted melt inclusion compositions from quartz-
bearing rocks from Lassen Volcanic Center (LVC) and Mount St. Helens (MSH) in the Cascades 
Volcanic Arc, the only two quartz producing volcanic systems in the Cascades (Hildreth, 2007).  
I use laser-ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) to analyze Ti 
concentrations (and other trace element concentrations) in quartz from individual growth zones 
to quantify the Ti variability.  Compositions of quartz-hosted melt inclusions reflect the 
composition of the magma in which the quartz grew and reflect the temperature and aTiO2 of the 
melt.  I estimate quartz growth temperatures using the Zr saturation thermometer (Watson and 
Harrison, 1983) based on Zr and major element concentrations in quartz-hosted melt inclusions.  
Activity of TiO2 of the melt is calculated using the TiO2 solubility model of Kularatne and 
Audétat (2014). This model uses temperature estimates (from the Zr saturation thermometer), Ti 
concentrations, and major element concentrations in quartz-hosted melt inclusions to calculate 
aTiO2.  I also use melt inclusion compositions to differentiate potential populations of quartz 
grown in compositionally distinct magmas, a common diagnostic feature of mixed magmas 
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(Anderson et al., 2000; Streck et al., 2007; Reubi and Blundy, 2009; Audétat, 2013).  
Additionally, I use the titanium in quartz (TitaniQ) geothermobarometer which uses Ti 
concentrations in quartz to estimate pressures during quartz growth.   
In summary, by integrating quartz textures with quartz and quartz-hosted melt inclusion 
compositions I am able to infer changes in pressure, temperature, and magma compositions that 
occur during the growth of each individual quartz grain over time, from each sample.  By 
comparing quartz crystals across a sample from a single eruption, I estimate the range of 
crystallization conditions that existed in the magma chamber prior to eruption.  Furthermore, 
these inferences are traced through geologic time over hundreds of thousands of years, for each 
volcano by examining multiple samples with well-characterized relative and absolute ages which 
allows us to understand the evolution of these two volcanic centers.  While there are a number of 
studies that categorize and interpret the types of CL patterns from a range of hydrothermal and 
magmatic environments (Wark et al., 2007; Wiebe et al., 2007; Rusk et al., 2008; Matthews et 
al., 2011; Vasyukova et al., 2013), this study is the only one to examine multiple eruptions from 
multiple volcanos at this level of detail.    
Overall, I evaluate the origin of CL textures in volcanic quartz in order to understand the 
geologic processes responsible for complex CL zoning that are typical in volcanic quartz.  These 
results yield insight into magma storage in the silicic crystal mush and demonstrate the value and 
limitations of using quartz to understand volcanic processes of felsic Cascades Arc volcanoes.  
Ultimately, I propose a model for the magma chamber processes that dominate magma storage 
during quartz growth and generate quartz textures at MSH and LVC and explore whether or not 
these processes lead to eruptions.  I compare magma storage at LVC to storage at MSH and 
discuss the evolution of these two systems over time.  Further, this description of magma 
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chamber dynamics for MSH and LVC is applicable to other volcanoes in the Cascade Arc and 
beyond. 
 
Tectonic Setting and Geologic Background 
Cascades Volcanic Arc 
 
The Cascades Volcanic Arc is 1300 km long and includes over 2300 Quaternary 
volcanoes and volcanic centers (Fig. 1) (Hildreth, 2007).  The arc stretches from Lassen Peak in 
Northern California to Mount Meager in Southwestern British Columbia and has been 
subdivided int five main segments based on seismic data, vent locations, and distinct structural 
features of the Juan de Fuca Plate (Guffanti and Weaver, 1988; Hildreth, 2007).  From north to 
south, these segments are: 1) The Garibaldi Volcanic Belt; 2) Mount Rainier to Mount Hood; 3) 
The Oregon Cascades south of Mount Hood; 4) The Mount Shasta Region; and 5) the Lassen 
Region.  Schmidt et al., (2008) modified the arc-classification into 4 subdivisions based on 
isotopic signatures of primitive magma types: 1) Mount Meager to Glacier Peak; 2) Mount 
Rainier to Mount Jefferson; 3) Three Sisters to Medicine Lake; and 4) Mount Shasta to Lassen 
Peak.  Overall, volcanic activity along the arc is a product of westward oblique subduction of the 
young and hot Juan de Fuca Plate, with associated subduction of the northern Explorer Plate and 
southern Gorda Plate, beneath the North American Plate at a rate of ~22 to 45 mm per year 
(McCrory et al., 2012).   
Quartz bearing products are rarely erupted in the Cascades and are most commonly found 
in rocks from the Lassen Volcanic Center and Mount St. Helens (particularly in the earliest 
stages of Mount St. Helens volcano).  Therefore, the analysis of quartz grains is focused on these 
two volcanic systems. 
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Lassen Volcanic Center 
 
Lassen Volcanic Center located in Northern California, is the southernmost volcano of 
the Cascades Arc (Hildreth, 2007) (Fig. 1).  The volcanic center, which sits above the subducting 
Gorda Plate, is one of the most silicic systems of the Cascades. (Salisbury, 2008; Hildreth, 2007).   
As a volcanic center, rather than a singular volcano, LVC is a concentration of volcanism 
containing a wide range of rock types from basaltic andesite to rhyolite that are dominantly 
andesite to dacite (Klemetti and Clynne, 2014).  The LVC is composed of a variety of volcanic 
components including an extensive dome field of dacite and rhyodacite lavas (63-72% SiO2) and 
pyroclastic flow deposits (Hildreth, 2007).  LVC domes commonly contain quartz phenocrysts, 
an otherwise rare feature of Cascades volcanic rocks (Hildreth, 2007).  
The eruptive history of LVC is well-documented by a number of studies and reviews 
(Clynne, 1990; Bullen and Clynne, 1990; Clynne and Muffler, 2010).  The eruptive history is 
subdivided into 3 primary sequences including: 1) the Rockland Caldera Complex (~825-611 
ka); 2) Brokeoff Volcano or Mount Tehama (~600-385 ka); and 3) Lassen Domefield (315-0 ka) 
which is the currently active part of LVC (Sarna-Wojcicki et al., 1985; Lanphere et al., 2004; 
Hildreth, 2007; Clynne and Muffer, 2010).  LVC samples in this study are from the Lassen 
Domefield with an age range of 116 ka to 1915.  Lassen Domefield activity marks a distinct shift 
in eruption characteristics and location of LVC activity to the north and northeast flanks of the 
Brokeoff Volcano (Feeley et al., 2008; Clynne and Muffler, 2010; Underwood et al., 2012; 
Klemetti and Clynne, 2014).  The field is made up of a core of dacite and rhyodacite domes 
surrounded by hybrid andesite flows (Clynne and Muffler, 2010).  The dacite domes are divided 
based on age into the Bumpass sequence (~300-190 ka) and the Eagle Peak sequence, which are 
dacitic to rhyodacitic in composition (~116-0 ka) (Clynne and Muffler, 2010; Clynne et al., 
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2012; Germa et al., 2019).  The Bumpass sequence is composed of 15 units of pyroxene-
hornblende dacite to rhyodacite deposits on the northern flank of Brokeoff Volcano in the 
southern part of the dome field (Klemetti and Clynne, 2014).  The Eagle Peak sequence is 
composed eight eruptive groups some of which have associated pyroclastic deposits.  The older 
and younger Twin Lakes sequences, which erupted in the northeast periphery of the dome fields, 
are coeval with the Bumpass and Eagle Peak sequences, respectively (Clynne and Muffler, 
2010).  The Twin Lakes sequence forms a magmatic transition between LVC and regional mafic 
magmatism (Feeley et al., 2008).  These hybrid andesite flows are divided into the older (~315-
240 ka) and younger (~90-0 ka) Twin Lakes sequence that range from basaltic andesite to dacite 
(Clynne and Muffler, 2010).  The older and younger Twin Lakes sequence deposits are primarily 
andesite and basaltic andesite lava flows which erupted from a series of agglutinated cones that 
surround the periphery of the dome field (Clynne and Muffler, 2010).  Overall, these young 
features account for the three recorded Holocene eruptions at LVC including the Chaos Crags 
eruptions of the Eagle Peak Sequence and the Cinder Cone and 1914-1917 Lassen Peak 
eruptions of the Twin Lakes Sequence. 
The genesis of erupted intermediate magmas at LVC is attributed to the interaction 
between mantle-derived mafic magmas and silicic crystal mush (Feeley et al., 2008).  The silicic 
magma was formed by partial melting of continental crust by mantle-derived basalts with lower 
crustal contamination and has ascended to the upper crust where it has accumulated and evolved 
to reach the current state (Bullen and Clynne, 1990; Borg and Clynne, 1998).  In the current 
system, injections of mantle-derived basaltic magma into the rhyolitic mush are small-scale and 
accompanied by mixing and mingling of the two distinct magmas (Bullen and Clynne, 1990; 
Klemetti and Clynne, 2014).  The role of magma mixing/mingling is apparent in chemical trends 
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and disequilibrium features in erupted LVC rocks.  For example, Brokeoff Volcano rocks, which 
are considered to be products of mixing between a relatively homogenized silicic mush and 
heterogeneous mafic magmas contain disequilibrium mineral assemblages, multiple plagioclase 
populations, olivine rimmed by pyroxene, and complex zoning in multiple phases (Clynne, 
1990).  Domefield magmas also contain conspicuous markers of magma mixing and mingling 
such as partially dissolved quartz, biotite, and amphibole, multiple populations of multiple 
phases, augite coronas around quartz phenocrysts, and the presence of mafic inclusions (Clynne, 
1990; Clynne, 1999).  Twin Lakes magmas contain disequilibrium mineral assemblages, 
dissolved phenocrysts, reaction coronas around quartz, and quenched inclusions (Clynne, 1990; 
Clynne, 1999).   
The nature of mixing/mingling of the two magmas is dependent upon the relative portion 
of the two magmas.  When the relative proportion of the mafic magma is small, the mafic 
magma can mingle with the quartz-bearing silicic magma.  Phenocrysts from the silicic magma 
react with the mafic magma and rapid cooling forms andesitic inclusions, which later 
disaggregate leaving behind markers of magma mingling such as quartz reaction coronas 
(Clynne, 1999).  Overall, this mixing/mingling process results in two hybrid magmas, the 
hybridized mafic magma as inclusions, and potentially a hybridized hot dacitic magma (Clynne, 
1999; Feeley et al., 2008).  In contrast, when the portion of the mafic magma is large enough, the 
two magmas will directly mix and form a hybrid andesite in which all quartz grains will have 
pyroxene coronas. 
 
Mount St. Helens 
 
Mount St. Helens (2950 m) is a primarily dacitic forearc volcano located 50 km west of 
the Cascade axis in Southern Washington (Hildreth, 2007) (Fig. 1).  Because of its unique 
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western location, the volcano sits only 80 km above the subducting slab (Defant and Drummond, 
1993).  While its early eruptive material dates back to 272 ka, MSH is considered the most active 
volcano in the Cascades in terms of both volume and frequency extruding more than half of its 
erupted material over the last 28 ky (Hildreth, 2007).   
Eruptive outputs vary and include basaltic to andesitic lavas, andesitic scoria, dacitic 
pumiceous tephra and pyroclastic flows, and dacitic lava flows and domes (Hoblitt et al., 1980; 
Crandell, 1987; Clynne et al., 2008).  Overall, eruptive products are dominated by varied 
hypersthene-hornblende dacite but may include olivine-basalt, olivine- and pyroxene-andesite, 
and quartz- and biotite-bearing dacite (Clynne et al., 2008).  Over time, organization of the MSH 
system has increased allowing for interaction between the stored dacite and mafic magmas to 
become more common (Pallister et al., 2017).  Eruptive products reflect these changes  
from a long-lived silicic phase to more complex episodes of both mafic and silicic output 
(Mullineaux, 1986).  Early eruptive products before 35 ka were dominantly low temperature wet 
quartz-hornblende-biotite dacites more varied in composition compared to later dacites (Pallister 
et al., 2017).  Additionally, Mount St. Helens dacites erupted before 35 ka commonly contain 
quartz while dacites erupted after 35 ka rarely contain quartz (Hildreth, 2007).   
Mount St. Helens has been intermittently active over the past 272 ka interrupted by 
periods of dormancy (Mullineaux, 1986; Clynne, 2008).  The eruptive stages of MSH include: 1) 
Ape Canyon stage (272-35 ka); 2) The Cougar stage (28-18 ka); 3) The Swift Creek stage (16 ka 
to 12.8 ka); and 4) the Spirit-Lake stage (3.9 to 0 ka) (Mullineaux, 1996; Crandell, 1987; Clynne 
et al., 2008; Pallister et al., 2017).  Mount St. Helens rocks from this study were erupted during 
the Ape Canyon stage as Ape Canyon stage rocks tend to have a high abundance of quartz.  The 
Ape Canyon stage (272-35 ka), included two eruptive periods from 272 to 250 ka and 160 to 35 
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ka (Clynne et al., 2008).  Ape Canyon products include biotite- and quartz-bearing dacite domes, 
pyroclastic flows located in the area west of and below the present-day edifice, and a tephra set 
(Clynne et al., 2008).  Rocks from the Ape Canyon stage are found as glaciated remnants under 
younger rocks on the southwest flanks of the volcano, as lahar deposits, and as lithic clasts in 
younger more recent eruptive products, and under the present crater floor (Pallister et al., 2017).   
 Data regarding the early magmatic system of Mount St. Helens before the Spirit Lake 
stage is limited as much of the work regarding magma chamber dynamics at Mount St. Helens 
focuses on eruptions of the last 4 ky, particularly the 1980 eruptions (e.g. Rutherford and Hill, 
1993; Geschwind and Rutherford, 1995; Blundy and Cashman, 2005).  The magma system of 
MSH during the Ape Canyon stage is thought to have been poorly organized with little mafic 
input (Clynne et al., 2008; Pallister et al., 2017).  One aspect of this system, revealed by complex 
zircon age populations and Ti in zircon thermometry, may have been a long-lived crystal mush 
system in which a dacitic magma was stored at cool temperatures and was consistently fed by 
intrusions of compositionally similar dacite (Claiborne et al., 2010).  This feature is thought to be 
up to 500-600 ky and would have experienced frequent magma intrusions and crystal recycling 
(Claiborne et al., 2010) 
In general, throughout MSH eruptive stages, dacite is by far the most erupted magma 
type complemented by andesite and rare, but significant, basalt extrusion (Smith and Leeman, 
1987; Hopson and Melson, 1990; Hildreth, 2007; Clynne et al., 2008; Wanke et al., 2019).  
Dacitic magmas are thought to be products of partial melting of metabasaltic lower crust 
promoted by intruding mantle-derived basaltic magma (Smith and Leeman, 1987).  Blatter et al. 
(2017), suggest that hydrous dacite liquids are generated in a mid-to-lower crustal region during 
solidification and partial melting of mafic magma and are replenished by injections of hydrous 
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basalt or basaltic andesite into mush or solid/mushy hornblende gabbro and diorite intrusions.  
However, a more recent work has argued that MSH dacites are derived from differentiation of 
mafic magmas through assimilation-fractional crystallization (e.g. Wanke et al., 2019).  These 
intermediate magmas pool in a lower crystal reservoir and later ascend to a middle/upper crystal 
reservoir where they sometimes high crystallinity and are subject to mixing/mingling (Wanke et 
al., 2019).  In the upper dacitic reservoir, mixing events are generally described as mixing 
between two compositionally similar dacites (Cashman and Blundy, 2013).  However, complex 
mineral populations and assemblages in some units, particularly in basalts and andesites but also 
in some dacites, have been attributed to mixing between dacitic and mafic magmas (Smith and 
Leeman, 1993; Gardner et al., 1995).   
 




I analyzed quartz phenocrysts obtained from samples erupted from both LVC and MSH 
(Table 1).  LVC samples were erupted during a 116 ky range during the more recent life-span of 
LVC (116 ka-104 yr).  LVC samples (and their samples names used in figures and the 
appendices) include 116-ka-Raker Peak-rhyodacite (LC82-210), the 66-ka-Eagle Peak-
rhyodacite (LC12-2540), the 40-50-ka-Hat Mountain-andesite (13LV-04),  the 35-ka-Kings 
Creek-rhyodacite (13LV-07), the 27-ka-Lassen Peak-dacite (LC13-2542), the 1103-yr-Chaos 
Crags-rhyodacite (LC10-2472), and the 1915-Lassen Peak-black-dacite (LC86-1028).  MSH 
samples are from rocks erupted over a 188 ky range exclusively during the Ape Canyon stage 
(272-84 ka) as eruptive products from this stage most commonly contain quartz grains (Table 1).  
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MSH samples include the 272-ka-dacite (W97-141), the 263-ka-dacite (SC05-792), the 147-ka-
dacite (SC06-862), and the 84-ka-dacite (SC08-1065).  
These quartz phenocryst-bearing rocks from MSH and LVC were cut and polished into 
~150-micron thick sections.  Each thick section was analyzed via transmitted light and reflected 
light in order to identify quartz grains and well-preserved quartz-hosted melt inclusions.  
Samples were also analyzed to identify modal/accessory mineral phases, groundmass 
constituents, disequilibrium textures, and dissolution textures (See Appendix A for complete 
sample descriptions).  Petrography was supplemented by energy-dispersive X-ray spectroscopy 
(EDS) using Western Washington University’s JEOL JSM-7200F scanning electron microscope 
(SEM) with an Oxford EDS detector.  Backscattered-electron (BSE) and cathodoluminescent 
(CL) images of individual quartz grains were acquired using a Vega TS 5136MM equipped with 
a Deben Centaurus CL detector.  CL images were obtained at an accelerating voltage of 15 kV 
and beam current of 5-10 nA.  Quartz grains were characterized based on internal CL textures 
and grain morphology.   
 
Major, minor, and trace elements in melt inclusions 
 
 Major element concentrations in surface-located, well preserved melt inclusions were 
measured by electron microprobe (EMP) in three samples from MSH and three samples from 
LVC.  The samples from MSH include the 263-ka-dacite (n=9), the 147-ka-dacite (n=14), and 
the 84-ka-dacite (n=2).  The samples from LVC include the 27-ka-Lassen-Peak-dacite (n=51), 
the 1103-yr-Chaos Crags-rhyodacite (n=52), and the 1915-Lassen Peak-black dacite (n=23).  
Samples were chosen based on a relatively higher abundance of surface-located melt inclusions 
compared to the others from the same volcano.  High quality melt inclusions worthy of analysis 
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had a regular shape, an absence of optically visible crystals, were yellow to clear in color under 
petrographic microscope, and had bubbles.  Melt inclusions are typically tens to hundreds of 
micrometers in size (Fig. 2).  Elements measured include Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe, P, S, 
and Cl.  Microprobe analyses were conducted at the USGS in Denver, CO using a JEOL 8900 
with an accelerating voltage 15 kV and a beam current of 20 nA.  Standardization was based on a 
set of minerals and silicate glasses.  Analysis of melt inclusions (rather than quartz) was 
confirmed by reviewing Si abundances.  Complete analyses, analytical uncertainties, and 
minimum detection limits of these elements are presented in Appendices Band C.  Analytical 
uncertainties were determined based on counting statistics. 
SEM-EDS analyses of quartz-hosted melt inclusions from the 272-ka-dacite from MSH 
and the 116-ka-Raker Peak-rhyodacite, the 66-ka-Eagle Peak-rhyodacite, the 40-50-ka-Hat 
Mountain-andesite, and the 35-ka-kings Creek-rhyodacite from LVC were conducted to obtain 
Al2O3 abundances for normalization of ICP-MS melt inclusions data.  SEM-EDS analyses of 
quartz-hosted melt inclusions were conducted on the JEOL JSM-7200F scanning electron 
microscope (SEM) with an Oxford EDX detector at WWU.  The instrument was operated with 
an accelerating voltage of 15-20 kV and a beam current sufficient to acquire about 600,000 
counts.  Spectra for individual melt inclusions were acquired and averaged over a range of areas 
from less than ten μm to tens of μm depending on the size of the melt inclusion.  Live times 
ranged from about 6 to 14 seconds.  Beam calibration was done using pure copper by measuring 
the counts per second value for Cu K-alpha at the given operating conditions.  Quantification of 
EDS spectra was done using the quant standardization method in the Oxford Aztec Software.  A 
correction method was employed by the Oxford Aztec software using an XPP calculation based 
on the Cu K-alpha counts per second value and the known beam energy and process time.  This 
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calculation corrects counts from each x-ray energy to derive an accurate elemental abundance 
using a set of internal standards.  Uncertainties on Al analyses were about 0.10-0.13 wt.% oxide 
(1 sigma).  Analyses are presented in Appendix D.  Analytical uncertainties were calculated by 
the software Aztec which uses proprietary calculations that utilize counting statistics.   
Additional quantitative analyses of major, minor, and trace elements in quartz-hosted 
melt inclusions were carried out via laser ablation inductively coupled mass spectrometry at 
WWU.  The following elements were analyzed: 7Li, 23Na, 23Mg, 27Al, 29Si, 31P, 39K, 42Ca, 45Sc, 
49Ti, 51V, 52Cr, 55Mn, 56Fe, 59Co, 60Ni, 65Cu, 67Zn, 69Ga, 74Ge, 75As, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 
118Sn, 133Cs, 137Ba, and 208Pb.  Complete analyses, analytical uncertainties, and detection limits 
are presented in Appendices E, F, and G.  Analyses were carried out using an Agilent 7500ce 
quadrupole mass spectrometer coupled with a 213-nm Nd-YAG New Wave laser.  Helium was 
used as the carrier gas and was mixed with argon prior to entering the torch.  The laser was 
operated at a fluence of ~20 J/cm2, a repetition rate of 10 Hz, and using a range of spot sizes 
from 25 to 65 μm depending on the size of the melt inclusion. Data was reduced using GLITTER 
and was normalized based on Al2O3 concentrations from microprobe analyses of that same 
inclusion, when available.  For melt inclusions that did not have microprobe data but others in 
the rock sample did, Al2O3 composition was estimated based on concentrations measured from 
EMP analysis of other melt inclusions in the same quartz phenocrysts or quartz-hosted melt 
inclusions from other phenocrysts in the same rock sample.  For rock samples where no 
microprobe data exists, I used Al2O3 values analyzed via SEM-EDS.  Analyses of melt 
inclusions (rather than quartz) was confirmed by reviewing Si abundance signals on Glitter. 
Standard reference material NIST-610 was used as an external standard with elemental 
concentrations from Jochum et al., (2011).  Most abundances of the analyzed elements from this 
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study, including Ti and Zr abundances, were within 5% of the concentrations from Jochum et al., 
(2011) and a few were within up to 10%.  Individual analyses included at least 30 seconds of 
background and 60 seconds of ablation signal.  The NIST-610 standard was measured at least 
three times every 90 minutes to account for instrument drift.  Silica concentrations were 
monitored to ensure that melt inclusions, rather than quartz, were being analyzed.  Analyses of 
the standard reference materials during melt inclusion analyses are presented in Appendix H.  
Analytical uncertainties were calculated by the software Glitter which uses proprietary 
calculations that utilize counting statistics.   
 
Trace elements in quartz 
 
Quantitative analyses of trace elements in quartz were carried out via LA-ICP-MS at 
WWU.  The following elements were analyzed: 7Li, 23Na, 27Al, 29Si, 30Si, 39K, 43Ca, 49Ti, 55Mn, 
56Fe, 63Cu, 66Zn, 71Ga, 74Ge, 75As, 88Sr, 90Zr, 118Sn, 121Sb, 208Pb.  Complete analyses, analytical 
uncertainties, and detection limits are reported in Appendices I, J, and K.  Helium was used as 
the carrier gas and ablated material was mixed with argon before entering the torch.  The laser 
was operated at a fluence of ~20 J/cm2, a repetition rate of 10 Hz, and using a range of spot sizes 
from 40 to 65 μm.  The ICP-MS was operated in H mode with an H2 flow of 2 mL per minute.  
When possible, ablations were taken within individual CL-defined growth zones and adjacent to 
well preserved melt inclusions.  However, growth zones were often narrower than 40-65 μm and 
therefore multiple growth zones were commonly incorporated into individual ablations.  Several 
zones were also likely analyzed when drilling down through changing CL zones in the third 
dimension.  I used transmitted light, SEM-BSE, and CL images to avoid mineral/melt inclusions 
and fractures located on the surface and at depth during quartz analyses.  These features are 
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common in volcanic quartz limiting the locations available for ablation.  I carefully monitored 
Al, Fe, Ca Na, and K, which are present in relatively low concentration in quartz, but are 
abundant in many melt or mineral inclusions, and are thus indicative of melt or mineral inclusion 
contamination (Müller et al., 2003; Götze et al., 2004; Audétat, 2014).  I also monitored Ca, Zr, 
and Fe as indicators of contamination by apatite, zircon, and Fe-Ti oxides, which were 
commonly observed as inclusions in quartz.  Data generated by poor or inconsistent signals were 
removed from consideration.  Additionally, analyses where quartz spalled or exploded upon 
ablation were sometimes discarded, as these physical events affect the accuracy of trace element 
measurements. 
Data was reduced using GLITTER with 30Si normalized to 99.9%.  Standard reference 
material NIST-610 was used as an external standard with elemental concentrations from Jochum 
et al. (2011).  Secondary standardization was based on a natural quartz sample of known 
composition from Audétat et al. (2014).  Individual analyses included at least 30 seconds of 
background and 60 seconds of ablation signal.  Standards were measured at least three times 
every 90 minutes to account for instrument drift.  Most abundances of the analyzed elements in 
the secondary standard, including Ti abundances, are within 5%, with a few up to 10% of the 
concentration reported by Audétat et al. (2014).  Aluminum values measured in the secondary 
standard are consistently lower than the published valued by ~20% to 50%.  I therefore corrected 
Al values in the unknowns by using a normalization factor (20%-110%) based on normalizing 
analyses of the secondary standard from each session to the known values (Audétat et al., 2014).  
Analyses of the standard reference material and secondary standard during quartz analyses are 





Magma temperatures during particular episodes of quartz growth were estimated by 
integrating Zr concentrations and major element concentrations of melt inclusions into Watson 
and Harrison’s (1983) experimentally calibrated zircon saturation thermometer, which is 
expressed by the equation: 
 
!"#!"
#$"%&'/)*+, = {−3.89 − [0.85(/ − 1)]} + 12900/7 
 
Where	!"#!"
#$"%&'/)*+,	is the concentration ratio of Zr in the stoichiometric zircon compared to 
that in the melt, T is the absolute temperature (degrees kelvin), and M is the cation ratio (Na + K 
+ 2Ca)/(Al · Si) (Watson and Harrison, 1983).  Uncertainties were calculated by estimating 
temperatures using the analytical uncertainties of zircon to derive and minimum and maximum 
temperature estimate for each melt inclusion (Appendix N).  Values calibrated here represent 
temperatures during growth of particular zones hosting a given melt inclusion.  Therefore, these 
temperatures are most useful when coupled with pressure estimates from the same zone hosting 
the inclusion.  Pressure was estimated using the Titanium-in-quartz (TiatniQ) (Huang and 
Audétat, 2012).  TitaniQ integrates temperature (degrees kelvin), titanium activity (aTiO2) of the 
magma, and titanium concentration in quartz to estimate pressure during growth; it is expressed 
by the equation: 
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Uncertainties for pressure estimates were calculated by estimating pressures using the 
analytical uncertainties of Ti abundances in quartz to produce minimum and maximum pressure 
estimates (kbar) (Appendix N).  Application of TitaniQ is dependent on aTiO2 which is 1.0 if 
rutile is present in quartz.  Due to the absence of rutile in quartz, aTiO2 was estimated by the 
experimentally calibrated TiO2 solubility model (Kularatne and Audétat, 2014) based on the Ti 
concentrations of melt inclusions measured by EMP and LA-ICP-MS.  TiO2 activity was used to 
constrain the position of the isopleth P-T in space, which varies depending on the Ti activity 
(Fig. 3).  The TiO2 solubility model is expressed by the equation: 
 
  !9:7;E2(FG%) = (1.8 ∗ ∆JKL − 0.53) ∗
3.,...
5 − (12.8 ∗ ∆JKL − 4.3) 
 
where	∆JKL	is the deviation of the molar Al/(Na+K) from unity and 7	is measured in 
degrees kelvin (Kularatne and Audétat, 2014).  Uncertainties for aTiO2 estimates were calculated 
by estimating aTiO2 using maximum and minimum TiO2 abundances in quartz according to 





 I imaged 6 to 52 quartz grains from thick sections from each rock sample (Table 1).  One 
thick section was examined for each sample with the exception of the LVC 1915-Lassen Peak-
black dacite, the LVC 40-50-ka Hat Mountain-andesite, and the MSH 147-ka-dacite for which 
two sections were examined.  Quartz phenocrysts range in size from 100s of micrometers to 
several millimeters and generally are anhedral.  Some samples also contain quartz 
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microphenocrysts or smaller fragments of quartz phenocrysts that are tens of micrometers in size.  
There is uncertainty regarding the orientation and region in which quartz grains were cut when 
preparing the thin sections.  Some grains may have been cut through their core while others may 
not have been.  Therefore, some textures I describe likely do not represent a complete core to rim 
textural analysis.  Moreover, this could increase the textural variability apparent in the quartz 
phenocrysts.  Nearly all grains are heavily fractured (Fig. 4).  In CL, these fractures are rarely 
extremely bright (white) and are most commonly black.  Most grains also contain embayments 
which may be elongate or sinuous in shape (Fig. 4).  Several types of embayments may be 
present within an individual grain (Fig. 4).  Many grains host mineral inclusions and glassy melt 
inclusions that may be well-preserved, irregular, or partially crystallized (Fig. 4).  Mineral 
inclusions commonly identified by EDS include apatite, magnetite and titanomagnetite, and 
zircon.  A significant portion of quartz grains erupted during the 40-50-ka-Hat Mountain-
andesite are surrounded by coronas of fine-grained clinopyroxene in a brown glass.  The crystals 
radiate from the former host liquid towards the quartz grain (Clynne, 1999).  The augite in these 
coronas is unique in composition.  Pyroxene in these rims are Mg-rich and similar in Fe/Mg and 
Ca to acicular pyroxene microphenocrysts but are enriched in SiO2 and depleted in Al2O3, Fe2O3, 
Cr2O3, and TiO2 (Clynne, 1999).  A single grain from the 1915-Lassen Peak-black dacite from 
LVC and a single grain located in an enclave in the 27-ka-Lassen Peak-dacite LVC also have 
augite coronas around quartz (Fig 5).  However, pyroxene coronas around quartz are more 
abundant than observed in these thin sections (Clynne, 1999; M. Clynne, written communication, 
2020).  
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CL textures in quartz 
Overall, 437 quartz grains from MSH and LVC samples were imaged in order to identify 
common CL-defined textures in quartz.  CL intensity, or brightness, in quartz reflects defects in 
the quartz crystal lattice including intrinsic defects in crystal growth orientation such as 
translations and point defects and extrinsic defects such as trace-element substitution in quartz 
(Rusk et al., 2006 and references therein).  In igneous quartz, the presence of trace elements and 
the ability for quartz to incorporate trace elements into its crystal lattice is dependent on the 
magma temperature, pressure, and composition as well as the rate of quartz precipitation (Rusk 
et al., 2006 and references therein).  The variations in CL intensity are presented in growth zones 
that together form an internal quartz texture that reflects changes in trace-element content and 
transitively, changes in quartz growth conditions and magma chamber conditions.  Therefore, 
these textures are indicators of geologic processes.  The textures observed in LVC and MSH 
quartz grains are similar to those observed in other igneous quartz grains (e.g. Peppard et al., 
2001; Wark et al., 2007; Wiebe et al., 2007; Müller et al., 2008; Müller et al., 2010; Matthews et 
al., 2011; Audétat, 2013).  Overall, some CL growth zones are clearly distinct from adjacent 
zones with sharp and abrupt boundaries.  Other zones may be smudged in that grain boundaries 
are blurry, gradational, diffuse, and less clear.  Other zone boundaries are wavy/turbid in that 
growth zone boundaries are undulating.  Additionally, some boundaries are rounded from a 
dissolution event, while others are euhedral and show continuous crystal growth.   
Based on the textures observed in LVC and MSH quartz, I differentiated five categories 
of CL textures.  The categories are as follows:  (1) CL-bright rims truncating CL-dark 
core/mantle, (2) CL-dark rims/mantles truncating CL-bright cores, (3) oscillatory growth zones 
defined by fluctuations in CL-brightness with no significant core to rim distinctions (4) 
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dominantly homogenous grains that display a general absence of distinct CL-defined growth, and 
(5) complex textures unique to individual grains or samples.  Table 2 shows the relative 
abundance of each CL category in each sample.  Absolute numbers from each sample are shown 
graphically in Figure 6, which also shows the relative abundance of quartz CL-categories in all 
samples.  Additionally, each category can be further subdivided based on crystal size, grain 
morphology, and the morphology of internal textures (i.e. relative CL-contrast, irregular, 
smudged, wavy/turbid, diffuse).  While noted, these small differences were not a main focus.  
Overall, this categorization is subjective but provides the initial means for interpretation and 
comparison of quartz growth dynamics among all grains in all samples.  A more in-depth 
explanation of these categories follows.    
Category 1 quartz is marked by the presence of CL-bright rims truncating darker 
cores/mantles (i.e. appear to interrupt growth or show a different growth orientation than the 
previous zones) (Fig. 7).  These rims show variations in thickness, morphology, and internal 
textures.  Some rims are thick and account for a large portion of the grain while others are thin 
borders around the core/mantle.  Additionally, these rims may be euhedral or rounded.  
Internally, these rims may be homogenous or may contain more complex textures such as 
oscillatory zones (generally faint) or wavy/turbid zones.  Cores may be homogenous or may 
contain more complex zoning such as oscillatory growth zones, wavy/turbid zones, or diffuse 
and smudged zones all of which vary in CL-contrast.  In some cases, the cores and mantles 
contain highly contrasting step zones.  Additionally, the cores are not always significantly darker 
than rims, nevertheless, the truncating nature of the rims and roundness of the cores implies a 
change in growth conditions.       
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Category 2 grains contain CL-bright cores (Fig. 8).  These bright cores are generally 
truncated by darker mantles or rims.  The size, morphology and internal textures of the bright 
cores are variable.  Bright cores may account for a significant or small portion of the grain.  The 
cores range in morphology from rounded to crystallographic.  Additionally, the cores may be 
homogenous or may contain oscillatory growth zones (continuous or irregular) or 
smudged/diffuse zones.  The darker mantles/rims generally truncate the cores and may be 
homogenous or may contain internal oscillatory zones or more rarely step zones.  Overall, the 
contrast between bright core and darker mantles/rims is usually relatively high. 
Category 3 quartz is characterized by oscillatory growth zones (Fig. 9), with no distinct 
core or rim of noticeable change in CL intensity.  Category 3 quartz is the most common quartz 
variety among all samples from both volcanoes.  These grains are differentiated from category 1 
and 2 grains in that they do not show a truncating core to rim relationship i.e. they have no rims 
(bright or dark).  The oscillatory zones range from continuous and crystallographic to irregular 
showing multiple episodes of dissolution and subsequent regrowth with little change in CL-
intensity.  Rarely, oscillatory zones may be incorporated into larger step zones (Fig. 9).  In some 
cases, oscillatory growth zones are smudged or diffuse, which is commonly observed in the cores 
of grains especially when relatively bright.  Other irregularities of oscillations include wavy, or 
turbid growth zones potentially suggesting disequilibrium growth.  Overall, the zones may show 
a high contrast in CL-intensity but more commonly show lower contrasts.  
Category 4 grains are dominantly CL-homogenous (Fig. 10), or lack well defined CL-
zonation.  These grains show either no observable CL-zoning or extremely faint internal textures.  
Some variation in CL-intensity may be due to defects around melt and mineral inclusions.  Some 
homogenous grains also contain remnants of older zones that have since been nearly completely 
 24 
dissolved and/or obscured by diffusion.  Category 4 grains are only common in the 27-ka-Lassen 
Peak-dacite from LVC and are scarce or not observed in every other sample (Table 2, Fig 6).    
Category 5 grains are quartz grains with CL-textures that are complex, unusual, and 
commonly unique to a single sample (Fig. 11).  Most of these grains were identified in the MSH 
263-ka-dacite and are dominated by irregular growth zones that are wavy, turbid, smudged, and 
diffuse.  The MSH 147-ka-dacite also contains a unique population of quartz grains with a 
relatively bright core truncated by a thin dark mantle that may be truncated by a rim similar to 
the core in CL-brightness.  These step zones are commonly internally smudged, irregular, and 
may contain faint oscillatory zones.  As these textures are highly variable, uncommon and 
complex, they are not the focus of this study. 
Multiple types of textures appear in each sample observed and commonly, multiple types 
of textures are shown within individual grains (Table 2, Fig. 6).  Category 3 grains are the most 
common in every sample studied.  Category 1 grains range in abundance but are present in all 
samples except for the 66-ka-Eagle Peak-rhyodacite from LVC and the 35-ka-Kings Creek-
rhyodacite from LVC that had very few quartz crystals (Table 2, Fig 6).  Category 2 grains are 
generally rarely observed but are present in most samples.  While still scarce, they are most 
commonly present in the 147-ka-dacite from MSH (Fig. 6).   
 
Trace elements in quartz 
Among all samples, Li, Al, and Ti are consistently quantifiable in all quartz analyzed 
with concentrations well above analytical errors (concentrations reported in Appendix I, 
uncertainties reported in Appendix J; minimum detection limits reported in Appendix K).  
Aluminum concentrations are typically the highest and mostly fall between 85 and 250±5 ppm 
 25 
with a few up to 435±5 ppm (Fig. 12).  Overall, Al concentrations in quartz from both volcanoes 
broadly overlap with one another (Fig. 12).  Most quartz contains between 16 and 44±1 ppm Li 
with the exception of all phenocrysts from the MSH 263-ka-dacite, which have unusually low Li 
concentrations between about 4 and 20 ppm (Fig. 12).  Like Al, Li concentrations broadly 
overlap between the two volcanoes (Fig. 12).  The majority of Ti concentrations in quartz fall 
between 20 to 120±5 ppm with exception of three measurements from CL-bright cores in a 
single MSH 147-ka-dacite where Ti concentrations are up to 178±5 ppm (Fig. 13).  Ti 
concentrations reach up to 137 ppm, in the bright cores of category 2 quartz grains from the LVC 
40-50-ka-Hat Mountain-andesite (Fig. 13).  Other high Ti concentrations, exceeding 120 ppm, 
from other LVC samples are not necessarily from bright cores.  Overall, MSH quartz 
phenocrysts contain significantly less Ti than LVC quartz with ranges of about 20 to 90±5 ppm 
for MSH quartz and 70 to 140±5 ppm for LVC quartz (Fig. 12).  Interestingly, MSH whole rock 
samples have higher TiO2 abundances than LVC whole rock samples with the exception of the 
40-50-ka Hat Mountain-andesite (Fig 13).  Therefore, Ti in quartz abundances do not reflect 
whole-rock abundances.     
Potential relationships between CL-brightness and trace elements in quartz were 
examined in order validate the relationship between CL-brightness and Ti and to explore if other 
potential relationships are present.  There is a consistent correlation between Ti concentration 
and CL-intensity (Fig. 14), such that higher CL-intensity corresponds to higher measured Ti 
concentration in quartz.  Considering all quartz phenocrysts from all eruptions at MSH, there is 
no observable relationship between Li and Ti.  On the other hand, there is a strong positive 
correlation between Li and Ti in quartz from most LVC eruptions, with the exception of a single 
sample (40-50-ka-Hat Mountain-andesite) that has distinctly lower Li concentrations than all 
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other LVC quartz (Fig. 12).  Individual samples from both volcanoes, nevertheless, reveal fairly 
strong relationships between Li and Ti and between Al and Ti (Fig. 12), even though the 
relationship breaks down at MSH when all samples are considered together.  Li and Al 
concentrations in quartz are similar for LVC and MSH samples (Fig. 12).  The relationship 
between Li and Al concentrations in quartz is moderately strong when considering all samples 
from each volcano, with the exception of the MSH 263-ka-dacite, where all quartz phenocrysts 
analyzed have low Li concentrations (Fig. 12).  Interestingly, low Li concentrations in quartz 
phenocrysts from the MSH 263-ka-dacite are accompanied by a broad range in Al concentrations 
(97-333 ppm).  This sample also has a relatively high proportion of category 1 grains compared 
to other samples.  Furthermore, within individual MSH and LVC samples, the relationship 
between Li and Al varies from virtually absent to strong (Fig. 12).   
This strong relationship between CL-intensity and Ti concentrations in quartz has been 
recognized in a number of other studies from quartz in rocks of varying origin (Müller et al., 
2003, 2010; Wark, 2007; Leeman et al., 2012; Rusk, 2012; Audétat, 2013; Rusk, 2014).  
Correlations among Li, Al, and CL intensity are less strong or absent among the samples 
analyzed here (Fig. 14).  Within individual grains, Al commonly shows significant localized 
variation not always reflected by CL-variation, whereas Li shows lower concentrations and 
smaller ranges that are sometimes, but not always, correlated with CL-intensity. 
Fe is also detected in quartz with the majority of samples falling within the range of about 
3 to 10±0.5 ppm.  Within this range, most quartz from most samples has more than 3±0.5 ppm 
Fe however most quartz from the MSH 272-ka-dacite sample has less than 3±0.5 ppm Fe.  
Quartz from the LVC 40-50-ka-Hat Mountain-andesite consistently shows uniquely high Fe 
values ranging from about 10 to 35±0.5 ppm.  Mn, Ga, Ge, Sr, and Pb, are also consistently 
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present but are generally measured below 1.0 ppm and show little variation, correlation, or 
distinction among samples or volcanoes. 
In most samples, individual phenocrysts cannot be distinguished from one another in a 
single sample based on the abundance of trace elements in quartz (Table 3).  A single phenocryst 
in a sample may exhibit the entire range of trace element concentrations measured in all 
phenocrysts in the entire sample.  With the exception of the previously mentioned high Ti 
concentrations in category 2 cores, few examples exist where quartz trace element concentrations 
are demonstrably different among phenocrysts in a single sample (Table 3).  There is generally 
no distinction in Ti concentration, or any other trace element concentration based on quartz CL 
category.  In other words, trace element concentrations among all CL types broadly overlap, and 
the categories are not distinguishable from one another based on trace element concentration. 
 
Major, minor, and trace elements in melt inclusions 
Major element compositions of quartz-hosted melt inclusions are summarized in Table 4.  
Below, all references to “melt inclusions” refer to quartz-hosted melt inclusions unless otherwise 
specified.  The majority of melt inclusions fall within a range of 70 to 80 wt.% SiO2, 8.2 to 14.1 
wt.% Al2O3.,  0.3 to 1.0 wt.% CaO, 1.3 to 4.5 wt.% K2O, 1.0 to 5.7 wt.% Na2O, 0.2 to 1.1 wt.% 
FeO, 0.01 to 0.06 wt.% MnO, and 0.04 to 0.21 wt.% TiO2 ( Analytical data from EMP reported 
in Appendices B and C.  Analytical data from SEM-EDS reported in Appendix D.  Analytical 
data from ICP-MS reported in Appendices I, J, and K).  Overall, the relationships between SiO2 
and other major elements are scattered but some individual sample show flat or even correlated 
patterns (Fig. 15, 16).  Several quartz samples have melt inclusions with distinct major element 
concentrations compared to other melt inclusions from the same volcano.  For example, two of 
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the three samples from MSH, the 263-ka-dacite and the 147-ka-dacite, show K2O concentrations 
in melt inclusions that are distinctly lower than in the other MSH sample and the LVC samples.  
Additionally, melt inclusions from the MSH 272-ka-dacite have high CaO and MnO 
concentrations and low Fe concentrations compared to the bulk of other samples (Fig. 16).  Melt 
inclusions from the LVC 35-ka Kings Creek-rhyodacite have high TiO2 and FeO concentrations 
relative to other LVC samples and MSH samples as well as some melt inclusions enriched in 
MgO relative to other LVC samples (Fig. 16).  Overall, except for the few distinctions mentioned 
above, major element compositions of melt inclusions from MSH and LVC are similar to one 
another and no clear and consistent major element compositional difference is present.  Melt 
inclusions from the 84-ka-dacite were typically contaminated from fractures and micro-
inclusions and were not included in LA-ICP-MS analysis.  Additionally, the melt inclusions were 
very small and poorly preserved. 
Minor and trace element concentrations consistently present in detectable concentrations 
in melt inclusions include Li, Sc, V, Cu, Zn, Ga, Ge, Rb, Sr, Y, Zr, Nb, Sn, Cs, Ba, and Pb.   Of 
these, Sc, V, Ge, Y, Li, Pb, Sn, Ga, Cu, Rb, Sr, Cs, and As are commonly the most abundant 
trace elements (Table 5).  In general, MSH and LVC melt inclusions have similar trace element 
compositions (Fig. 17).  However, as presented in chemical variation diagrams, some of these 
elements form distinct clusters based on volcano and/or samples (Fig. 17).  MSH and LVC melt 
inclusions can consistently be differentiated from one another based on Ba, Rb, Sr, and Cs 
concentrations with some overlap (Fig. 17).  Some elements such as Li, Cu, Rb, and Ba show 
distinct clustering for some samples.  For example, The LVC 27-ka-Lassen Peak-dacite has 
quartz-hosted melt inclusions enriched in Li (218-3340 ppm), Cu (1-1207), and Rb (86-673 ppm) 
and depleted in Ba (<200 ppm) compared to melt inclusions from most other samples (Table 5).  
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Significant Cu enrichment (28-2338 ppm) occurs in many melt inclusions in quartz from the 
LVC 1915-Lassen Peak-black-dacite and high Li concentrations (424-658 ppm) are in many melt 
inclusions in quartz from the MSH 272 ka dome eruption (Table 5).  
The other trace elements in melt inclusions are consistently present in lower 
concentrations and show little to no distinction across samples.  These trace elements include: Sc 
(2 to 36 ppm), V (BDL to 14 ppm), Zn (BDL to 116 ppm), Ge (BDL to 18 ppm), Y (1 to 17 
ppm), Sn (BDL to 6 ppm), and Pb (9 to 44  ppm) (Table 5).  Niobium concentrations are 
relatively low (BDL-18 ppm) but are distinctly lower in MSH samples than in LVC samples. 
 
Titanium and Zirconium in melt inclusions 
Titanium concentrations in melt inclusions are used for determining the degree of Ti-
saturation which is important for calculating quartz crystallization pressures.  These TiO2 
concentrations in all analyzed melt inclusions generally fall within a range between 0.08 and 
0.16±0.005 wt.% with concentrations reaching as low as 0.07±0.05 wt.% in some samples and as 
high as 0.21±0.05 wt.% in some LVC samples (Fig. 16, 18).  While Ti concentrations in melt 
inclusions from MSH and LVC do overlap, those from LVC have an average of 0.13±0.006 
wt.% with most analyses falling between 0.8 and 0.16±0.006 wt.%, while those from MSH have 
an average of 0.10±0.005 with most analyses falling between 0.8 and 0.14±0.005 wt.% (Fig. 16, 
18).  In general, TiO2 concentrations of melt inclusions in both LVC and MSH samples are 
weakly distinct based on sample with considerable overlap among samples (Fig. 16, 18).   
Zirconium concentrations in melt inclusions are used for estimating quartz crystallization 
temperatures.  The majority of Zr concentrations in quartz-hosted melt inclusions measure 
between 40 and 90±3 ppm (Fig. 19).  The majority of MSH inclusions have Zr concentrations 
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between 40 and 80±3 ppm while LVC melt inclusions generally fall between 40 and 70±3 ppm 
(Fig. 19). Overall, Zr concentrations from the two volcanoes largely overlap with averages of 
60±17 ppm (MSH) and 58±12 ppm (LVC) (Fig. 19).  Both volcanoes have melt inclusions with 
Zr concentrations outside of these ranges, reaching as low 28±3 ppm for both and as high as 
114±3 ppm for MSH and 118±3 ppm for LVC (Fig. 19).  Within MSH and LVC, Zr 
concentrations in quartz-hosted melt inclusions are moderately distinct based on sample however 
there is significant overlap among many samples (Fig. 19).   
Figure 19a shows TiO2 (wt.%) and Zr (ppm) variability within individual samples with 
different symbols representing individual grains; only grains where multiple melt inclusions 
were examined are included.  Overall, in most samples the range of TiO2 and Zr concentrations 
in melt inclusions of a single quartz phenocryst reflect the range of these elements across an 
entire sample (Fig. 20a).  In certain rare cases, there is slight intergranular variation in that high 
Ti and Zr values are present in specific grains such as in the MSH 147-ka-dacite and the LVC 
1915-Lassen Peak-black dacite; however, distinct populations of melt inclusions within 
individual samples based on Ti and Zr are not obvious in any sample from either volcano (Fig. 
20a).  In comparing quartz TiO2 and Zr concentrations in quartz-hosted melt inclusions among 
samples, there is overlap among most samples with some exceptions (Fig. 20b).  Quartz-hosted 
melt inclusions from the LVC 116-ka-Raker Peak-rhyodacite have consistently high TiO2 
concentrations while those from the MSH 272-ka-dacite have consistently low TiO2 
concentrations.  Quartz-hosted melt inclusions from the LVC 27-ka-Lassen Peak-dacite and the 





Titanium activities in Lassen Volcanic Center and Mount St. Helens quartz-saturated magmas 
The degree of titanium saturation in LVC and MSH magmas during quartz growth is 
important for calculating quartz crystallization pressures.  It is estimated by calculating aTiO2 of 
quartz-hosted melt inclusions using the method of Kularatne and Audétat (2014) that depends on 
concentrations of Al, Na, K, and Ti in quartz-hosted melt inclusions along with an estimated 
temperature (Kularatne and Audétat, 2014).  Overall, calculated aTiO2 estimates range from 
about 0.08 to 2.2.  Most aTiO2 values estimated for LVC quartz-hosted melt inclusions range 
from 1.0 to 1.6 suggesting Ti saturation and thus rutile precipitation in magmas during quartz 
growth (Fig. 21).  In most LVC samples, all aTiO2 are above 0.5 with the exception of melt 
inclusions from the 27-ka-Lassen Peak-dacite and 1915-Lassen Peak-black-dacite that contain 
some quartz-hosted melt inclusions with surprisingly low aTiO2 values below 0.5 to as low as 
0.08.  Titanium activity estimates from MSH melt inclusions are generally lower than those from 
LVC.  Whereas most aTiO2 values estimated for MSH quartz-hosted melt inclusions range from 
0.6 to 1.4, a large portion from all three MSH samples fall below 1.0 (Fig. 21).  Overall, 
uncertainties for aTiO2 calculations range from about ±0.03 to ±0.1 (uncertainties reported in 
Appendix N).       
Recent studies suggest dacitic and rhyolitic magmas are typically undersaturated with 
respect to titanium (i.e. aTiO2 < 1.0) (Wark et al., 2007; Matthews et al., 2011; Reid, et al., 
2011; Ghiorso and Gualda, 2013; Audétat, 2013).  Ghiorso and Gualda (2013) estimated aTiO2 
in magmatic liquids using the compositions of coexisting spinel and ilmenite in 729 naturally 
occurring rhyolites and dacites using the methods of Ghiorso and Evans (2008).  Their samples 
came from the Bishop Tuff, Daisen Volcano, Fish Canyon Tuff, Katmai, New Zealand, 
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Pinatubo, Shiveluch, Mount St. Helens, White River Ash and Yellowstone (Ghiorso and Gualda, 
2013).  Overall, aTiO2 values range from 0.3 to 0.9 with most falling between 0.5 and 0.8 
(Ghiroso and Gualda, 2013).  Titanium activities of dacitic magmas from MSH samples range 
from about 0.6 to 0.85 (Ghiroso and Gualda, 2013) and show a strong negative correlation 
between aTiO2 and higher temperature (Fig 22).  Titanium activity estimates from MSH agree 
with those from Ghiroso and Gualda (2013) and generally continue the trend of slightly 
increasing Ti activities at decreasing temperatures.  Based on results from this study, previous 
studies of MSH and LVC quartz-saturated magmas that assume aTiO2 values of 0.6 to 0.8 may 
underestimate titanium activities in quartz-saturated magmas (e.g. Claiborne, 2010; Klemetti and 
Clynne, 2014).  Alternatively, there are multiple reasons why calculated aTiO2 values in this 
study may be overestimates.  First, TiO2 abundances may not represent equilibrium values and 
may represent regions of the magma chamber locally enriched in titanium potentially where the 
dissolution of Ti rich minerals such as biotite may have melted or dissolved due to increased 
temperatures.  Secondly, overestimates in aTiO2 could be caused by inaccurately low Zr 
measurements in melt inclusions leading to underestimated temperatures.  These explanations are 
particularly possible in a viscous crystal mush where diffusion is limited.  Zirconium 
concentrations in the melt are dominantly controlled by the dissolution of zircon during mush 
mobilization and the amount of dissolution depends on the temperature and length of time plus 
the original Zr abundance in the melt.  The high viscosity of the melt slows Zr migration 
meaning that to some extent, Zr concentrations in melt inclusions are controlled by proximity of 
the trapped melt inclusion in quartz to the melting zircon.  In both cases, inaccurate aTiO2 
estimates would be a result of local heterogeneities in the crystal mush.   
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Titanium activities for LVC magmas, however, have not been previously systematically 
examined.  Klemetti and Clynne (2014) assumed that aTiO2 of LVC magmas falls within the 
typical range of aTiO2 values for calk-alkaline magmas of 0.5 to 0.8.  They use an aTiO2 value of 
0.6 based on previously measured values from MSH dacites (Ghiroso and Gualda, 2013).  
Titanium activity measurements from this study however suggest that Ti saturation in LVC 
magmas may be more common than previously recognized.  Quinn (2014) measured major 
elements in quartz-hosted melt inclusions from rhyodacite pumice samples erupted from the 
Chaos Crags.  I Calculated aTiO2 values from the data of Quinn (2014), using Ti, Al, Na, and K 
data from those analyses, and the range of Zr concentrations measured in this study, as Quinn 
(2014) did not measure Zr, are described below.  At Zr concentrations of 70 ppm, aTiO2 values 
mostly range from 0.6 to 0.7.  However, at lower Zr concentrations, aTiO2 values are more in 
line with those from this study.  At 60 ppm Zr, most aTiO2 values range from 0.7 to 0.8, at 50 
ppm Zr they range from 0.8 to 1, and at 40 ppm Zr they range from 0.9 to 1.2.  Zirconium 
concentrations below 50 ppm make up 27% of data collected for this study and Zr concentrations 
below 60 ppm make up 57%.  Therefore, if Zr concentrations represent equilibrium values, it is 
likely that a significant portion of melt inclusions examined by Quinn (2014) had aTiO2 values 
of at least 0.7 with many potentially reaching titanium saturated values (aTiO2 ≥ 1.0) as 
presented here.  Overall, if the TiO2 and Zr concentrations from melt inclusions in this study are 
correct, based on existing melt inclusion data from this study and that of Quinn (2014), and the 
Ti activity calculator of Kularatne and Audétat (2014), Ti activities are greater than those 
normally assumed for dacitic magmas and are commonly greater than 1.0 indicating magmatic 
rutile saturation. 
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Many aTiO2 estimates from the 27-ka-Lassen Peak-dacite and 1915-Lassen Peak-black 
dacite from LVC fall well below 0.5 and are lower than the majority of calculated values in this 
study as well as below the values typically measured in other volcanoes (Wark et al., 2007; 
Matthews et al., 2011; Reid et al., 2011; Ghiorso and Gualda, 2013).  The calculation used to 
determine aTiO2 depends on the ratio of aluminum to sodium plus potassium (Al/Na+K).  In 
quartz from both the 27-ka-Lassen Peak-dacite and 1915-Lassen Peak-black dacite, melt 
inclusions with Ti activities below 0.5 reflect a population of melt inclusions with Al/Na+K 
below 1.0.  For most melt inclusions Al/Na+K values are greater than 1.0 (see Appendix N).   
Values greater than 1.0 are consistent with Al/Na+K values from quartz-hosted melt inclusion 
from the Upper Bandelier Tuff and Tunnel Spring Tuff (Audétat, 2013) as well as Al/Na+K 
values I calculated based on compositions of quartz-hosted melt inclusions from the LVC Chaos 
Crags measured by Quinn (2014).  Low Al/Na+K values are most commonly due to high 
measured Na values for both eruptions.  Therefore, I conclude that the melt inclusions with 
normal Ti values, but unusually high Na values, have either been affected by contamination (e.g. 
inclusions, micro-crystals) or that the equation used to calculate aTiO2 is not valid at excessively 
high Na or K concentrations.  The unreasonably low aTiO2 values lead to extremely low or, in 
some cases, incalculable pressure estimates.  In cases where calculated Ti activities are 
unreasonably low, as a result of high Na concentrations, I reassign aTiO2 values in these melt 
inclusions to 0.5 to reflect the lower reasonable limit of Ti activity based on previous studies 
(Wark et al., 2007; Matthews et al., 2011; Reid et al., 2011; Ghiorso and Gualda, 2013) and the 
majority of the accompanying data from this study.  Furthermore, aTiO2 values below 0.5 are 
unlikely in most silicic magmas when a Ti-bearing phase is present (Watson et al., 2006; Wiebe 
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et al., 2007).  Titanomagnetite is present in all LVC samples and ilmenite is sparsely present in 
many including those where abnormally low aTiO2 values are calculated.   
In contrast to the unusually low aTiO2 estimates, many aTiO2 estimates from LVC melt 
inclusions are greater than 1.0, which indicates Ti-oversaturation of the melt.  In melt inclusions 
where aTiO2 is calculated to be greater than 1, the TitaniQ geothermobarometer corrects this to 
an aTiO2 value to 1.0.  If the titanium activity is 1.0 or greater, rutile should be saturated in the 
melt and be present as an inclusion in quartz.  Identification of rutile in quartz phenocrysts and 
the surrounding groundmass was attempted using careful observations via high magnification 
petrographic analyses of thick sections, as well as detailed BSE and EDX observation and 
mapping.  Even with careful examination, rutile was never observed in the quartz phenocrysts.  
However, quartz did contain some needle-like mineral inclusions that were not identified.  The 
absence of rutile could be explained by overestimated aTiO2 values resulting from high TiO2 
measurements or low Zr measurements that overall, incorrectly suggest TiO2 saturation, as 
explained above.   
The absence of rutile may also be explained by inhibition of saturation by magma 
conditions, particularly low temperatures which form a barrier to rutile nucleation kinetics 
(Kularatne and Audétat, 2014).  In their rutile solubility experiments conducted at 2 kbar from 
750-900°C, Kularatne and Audétat (2014) found the kinetics for rutile nucleation in TiO2 
saturated glasses was inhibited 750°C because of low temperatures and would therefore be 
inhibited below 750°C (Kularatne and Audétat, 2014).  Additionally, TiO2 abundances in the 
glasses examined by Kularatne and Audétat were mostly higher (0.16-0.56 wt.% TiO2) than 
those measured in melt inclusions in this study.  Also, most temperature estimates from LVC and 
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MSH quartz hosted melt inclusions are lower than 750°C.  Therefore, low magma temperatures 
during quartz crystallization may explain the lack of rutile inclusions in quartz.   
 
Temperature and pressure of quartz growth at Lassen Volcanic Center 
Quartz crystallization temperature estimates calculated using the Zr saturation 
thermometer are based melt inclusion compositions (Watson and Harrison, 1983).  Pressure 
estimates are calculated using the TitaniQ thermobarometer using melt inclusion compositions 
and titanium abundances in quartz (Huang and Audétat, 2012).  A summary of melt inclusion 
compositions used to calculate temperature and pressure estimates is given in Appendix O.  
Uncertainties of LVC quartz crystallization temperature estimates range from ±2 to ±8°C (see 
Appendix N).  Uncertainties of LVC quartz crystallization pressure estimates range from about 
±6% to ±20% (see Appendix N).  Temperature estimates range from 652 to 777°C and pressure 
estimates range from 0.09 to 3.4 kbar (Fig. 23).  The majority of temperatures fall between 680 
and 740°C and pressures between 1 and 2 kbar.  Overall, there is a strong positive correlation 
between temperatures and pressures of quartz growth that over time shows a trend of cooling and 
depressurization.  Quartz crystallization pressure estimates above 2 kbar are mostly from the 
116-ka Raker Peak-rhyodacite and the 66-ka-Eagle Peak-rhyodacite.  In contrast, multiple 
pressure estimates below 1 kbar are exclusively from the 1915-Lassen-Peak-black dacite, the 
1103-yr-Chaos Crags-rhyodacite, and the 27-ka-Lassen Peak-dacite.  The lowest of these 
coincide with melt inclusions with unreasonably low aTiO2 estimates.  Although P-T estimates 
from individual eruptions are somewhat distinct from each other, there is some overlap in P-T 
space (Fig. 23).  Overlap tends to occur among samples that erupted within about 50 ky from one 
another (Fig. 23).  Overall, quartz crystallization temperature estimates overlap with LVC 
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storage temperatures determined in other studies of similar rocks estimated by Ti in zircon and 
Zr saturation thermometry from glass and whole rock samples and are lower than eruption 
temperatures of similar eruptive products from LVC (Schwab and Castro, 2007; Underwood et 
al., 2012; Quinn, 2014; Klemetti and Clynne, 2014). 
For LVC, the only previous constraints on depth are from phase equilibria experiments 
conducted on eruptive products from the Chaos Crags (1103 yr) that yielded pressures of 
1.45±0.25 kbar corresponding to a depth of 5.6±1.0 km (Quinn, 2014).  Whereas this depth is 
representative of the erupted magma, it is likely that the crystal mush also resides at this depth.  
These pressure estimates are consistent with many of the pressures estimated from the younger 
samples (27-ka-Lassen Peak-dacite, 1915-Lassen Peak-black dacite).  Crystallization pressures 
estimated from samples erupted between 35 and 116 ka suggest slightly greater magma chamber 
depths up to about 11 km.  Interestingly, the rhyolite from the 116-ka-Raker Peak-rhyodacite, 
which shows the highest quartz crystallization temperatures and pressures of LVC samples in 
this study, may have been derived from a distinct source as it is significantly less porphyritic 
than other LVC samples and lacks crystal clots diagnostic of the mush (M. Clynne, written 
communication, 2020).   
 Each individual quartz phenocryst may host multiple melt inclusions and each sample 
hosts multiple quartz phenocrysts.  The variation in calculated pressures and temperatures 
reflected within a single grain and among grains in a single sample demonstrate the variability in 
temperature and pressure during quartz growth.  For most LVC quartz grains, the difference 
between the minimum and maximum temperature estimates falls between 10 and 30°C and 
rarely exceeds 60°C (Fig 24).  The average difference between the minimum and maximum P-T 
estimates of and individual LVC grain is 33°C and 0.8 kbar (Fig. 24).  Pressure variations in 
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individual quartz grains are almost always below 1 kbar.  Wider temperature and pressure ranges 
are measured in individual quartz grains from the 1915-Lassen Peak-black dacite and the 27-ka-
Lassen Peak-dacite, wherein some single grains indicate pressure differences of > 2 kbar and 
temperature changes up to 91°C (Fig. 24). 
Quartz from 116-ka-Raker Peak-rhyodacite showed the narrowest range of temperatures 
with all temperatures falling within 47°C of one another (Fig. 24).  The narrowest pressure range 
in a sample was 0.9 kbar from the 40-50 ka eruption (Fig. 24).  In contrast, the 27-ka-Lassen 
Peak-dacite showed the widest range of both temperature and pressure with ranges of 98°C and 
2.2 kbars respectively (Fig. 24).   
 
Temperature and pressure of quartz growth at Mount St. Helens 
Overall, MSH quartz crystallization temperatures are remarkably similar to those from 
LVC samples (Fig. 23).  Quartz crystallization temperature estimates, derived from melt 
inclusion compositions, range from 672°C to 766°C with the majority of quartz crystallization 
temperatures falling between 690°C and 740°C (Fig. 23).  A summary of melt inclusion 
compositions used to calculate temperature and pressures estimates is given in Appendix O.  
Uncertainties for MSH quartz crystallization temperatures range from ±2°C to ±8°C (see 
Appendix N).  Quartz crystallization pressures were derived from melt inclusion compositions 
and titanium in quartz abundances.  MSH quartz appears to have crystallized over a wider range 
of pressures than LVC quartz with a crystallization pressure range from 0.5 to 5.8 kbar 
corresponding to a depth range of 1.7 to 19.1 km.  Uncertainties for MSH quartz crystallization 
pressure estimates range from about ±6% to ±21% (see Appendix N).  Overall, pressure 
estimates appear to show a decrease over time.  Among all samples, most pressure estimates fall 
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between 1 and 3 kbar, corresponding to depths between 3.3 and 10.0 km.  However, all of the 
depths estimated from 272-ka-dacite and multiple depth estimated from the 263-ka-dacite exceed 
9 km (Fig 23).  Whereas pressures of quartz growth vary based on eruption, temperatures of all 
eruptive products widely overlap (Fig. 23). 
This wide range of P-T conditions is captured within individual quartz grains from MSH.  
The average difference between minimum and maximum P-T conditions in MSH quartz grains is 
24°C and 1.2 kbar (Fig. 24).  In all samples, some grains may record pressure ranges of more 
than 2 kbar, whereas other grains in the same samples may have smaller ranges of 1 kbar or less 
(Fig. 23).   
Temperature ranges above 30°C are observed in quartz from both the 263-ka-dacite and 
147-ka-dacite (Fig. 24).  Grains where temperature ranges are at or below 20°C are common 
among all three MSH samples (Fig. 24).  Temperature and pressure ranges within individual 
quartz grains appear to be the widest in quartz grains from the 147-ka-dacite with the widest 
single-grain range in temperature reaching about 66°C and 2.5 kbar (Fig. 24).  All three MSH 
samples have grains where the pressure range is near or below 1.0 kbar.  The smallest pressure 
range observed is at 0.33 kbar in a grain from the 147-ka-dacite (Fig. 24).  Pressure ranges within 
individual samples are significantly larger at MSH than LVC, which suggests that individual 
grains crystallized over a much wider range of depths.  Pressure ranges for quartz growth for 
MSH samples are 2.2, 3.8, and 3.3 kbar respectively for the 272-, 263-, and 147-ka-dacites.  
Temperature differences are 36, 53, and 69°C respectively.  Overall, quartz from individual 




Correlations between quartz-CL zoning and pressure, temperature, and titanium activity 
Pressure and temperature fluctuations are typically complemented by fluctuations in CL-
intensity.  For example, the extreme variations in P-T conditions (i.e. changes greater than 30°C 
and 1 kbar) are commonly observed in grains with discordant CL-zoning often between darker 
cores and brighter rims (Fig. 25a).  Interestingly, there appears to be no uniform cause for the 
growth of bright rims truncating darker cores.  In some cases, the transition from dark core to 
bright rim is accompanied by increases in temperature, pressure, and aTiO2 while in others it is 
accompanied by decreases in all three parameters (Fig. 25a).  Thus, it is important to recognize 
that while CL intensity correlates closely with quartz Ti concentrations, those concentrations do 
not necessarily reflect changes in temperature only.  All three of the aforementioned variables 
might change in any given zones.  For example, higher Ti concentrations in quartz may reflect 
higher temperatures at a constant pressure or lower pressure at a constant temperature.  Similarly, 
an increase in Ti activity at a constant temperature and pressure would result in higher Ti 
concentrations in quartz and thus an increase in CL intensity.  Thus, the presence of bright-CL 
rims might be caused by temperature increases, pressure decreases, or increases in aTiO2 in the 
residual melt during quartz growth.  
Extreme fluctuations in P-T conditions are also present in grains that lack bright rim 
overgrowth but have internal discordant zones (Fig. 25b).  Discordant CL zones are commonly 
accompanied by temperature and pressure fluctuations of at least 20°C and 0.5 kbar, suggesting 
that discrete episodes of dissolution and regrowth commonly occur multiple times between initial 
quartz nucleation and eruption. 
While less common, I also observe grains with maximum P-T fluctuations below 20°C 
and 0.5 kbar suggesting stable growth conditions compared to other grains with wider P-T 
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fluctuations.  Typically, the grains with little internal P-T variation are characterized by 
continuous, uninterrupted euhedral oscillatory zoning with little textural evidence for multiple 
episodes of dissolution (Fig. 26) or by low fluctuations in CL-intensity between zones (Fig. 27).  
In the case of low contrast zones, it is most likely that long magma residence times have resulted 
in Ti diffusion, and thus annealing the CL growth zones (Cherniak et al., 2007).  The diffusion of 
Ti in quartz and accompanying decrease in variability in Ti concentrations and CL-intensity 
results in pressure estimates that are more uniform.  This is apparent in multiple low contrast in 
CL zones in grains from multiple LVC eruptions (Fig. 27).  However, melt inclusions in these 
grains also show constant Zr abundances resulting in constant temperature estimates.  So, while 
constant Ti in quartz may reflect diffusion, they may also reflect growth in fairly static magmas.  
The likelihood that Ti diffusion is a main cause of “smoothed out” grains in some more 
CL-homogenous quartz grains can be evaluated based on Ti diffusion modeling.  Diffusion rates 
of Ti in quartz have been determined experimentally in conditions parallel to the 001 axis at 
temperatures ranging from 700 to 1150°C and is described by the equation (Cherniak et al., 
2007):  
 
#5$ = 7 × 1067	exp	(−273 ± 12RS=9!63/T7)=2U63	 
 
 
According to the calculation, the diffusion rates in quartz range from 1.6 x 10-16 μm2 s-1 at 
700°C and 4.9 x 10-14 μm2 s-1 at 900°C (Cherniek et al., 2007).     
The physical effects of diffusion are explained by Cherniak and others’ “blurring of 
zones” model which estimates an amount of time it would take for various magnitudes of 
diffusion to occur within one tenth of the way into a growth zone for zones of various thickness 
during storage at given temperatures (Cherniak et al., 2007). 
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Unfortunately, the large spot size of the laser inhibits a quantitative analysis of at such 
precision.  However, it is clear that in some of these grains the Ti concentration profile across 
grain boundary is gentle compared to more abrupt zoning in category 1 and category 3 grains.  
The thickness of the oscillatory zones in these low CL contrast LVC quartz grains primarily 
appear to be on the order of 10s of micrometers (Fig 12).  Crystallization temperatures range 
from about 680 to 760°C (Fig. 12).  At 680°C a 10% change one-tenth of the way into the 
growth zones of 10 μm would take about 1000 years (Cherniak et al., 2007).  At 760°C, the same 
magnitude of diffusion would take only about 10 years.  However, for some of these grains, 
especially ones with higher crystallization temperatures (Fig 12), Ti diffusion seems to be more 
drastic which could correspond to growth about 10,000 years at 680°C and up to about 1000 
years at 760°C prior to eruption.  Considering that significant dissolution has erased the youngest 
parts of these grains, growth about 1000 to 10000 years prior to eruption seems reasonable.  
However, if some of these grains were subject to heating events temporarily increasing storage 
temperatures, the diffusion rates would be temporarily faster and therefore actual residence times 
would be shorter.   
Significantly shorter residence time (~100 years or less) are generally estimated for CL-
bright rims on quartz from other studies (Wark et al., 2007; Matthews et al., 2012).  Unlike LVC 
and MSH quartz, these grains are sometimes euhedral meaning that the most recent quartz 
growth is still is preserved.  In LVC and MSH quartz, the most recent quartz growth is almost 
always dissolved leaving quartz that has been stored for longer periods of time.  Nonetheless, 
some of the category 1 and category 3 grains from LVC and MSH do show similar steep 
gradients and meaning that the rims may have grown 100 years or less before the eruption.   
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Temperature fluctuations in older quartz grains from the 272-ka-dacite and 263-ka-dacite 
from MSH are remarkably low with ranges that are rarely greater than 20°C.  In quartz from the 
272-ka-dacite this stability is reflected by low contrast oscillatory zoning which is sometimes 
crystallographic.  However, even in grains from these samples where CL contrast is low, high 
variability in pressure estimates is still evident.  In some cases, the lower pressures estimates are 
complemented by decreases in aTiO2 (Fig 28).  Therefore, a scenario may exist wherein at 
constant temperatures, variability in pressure does not reveal itself in CL zoning because it is 
offset by changes in aTiO2.  For example, if a grain were to ascend to regions of lower pressure, 
Ti content in quartz would increase unless there is less Ti in the melt at these shallower depths 
and thus lower aTiO2.  Changes in aTiO2 of the residual melt may also be controlled by 
crystallization of other phases meaning that these changes in growth conditions reflect melt 
evolution and could occur without open system processes or mobilization of quartz.  
In contrast, select quartz grains from the MSH 147-ka-dacite have some relatively high 
temperature estimates as well as the highest temperature oscillations.  High temperature 
estimates are mostly calculated from melt inclusions hosted by bright-CL cores in category 2 
quartz where temperatures reach up to 766°C (Fig 29).  In fact, of the five estimates that exceed 
760°C in MSH grains, each grain is from the 147-ka-dacite and three are found in CL-bright 
cores.  Other CL-bright core temperatures from this sample are also relatively high for MSH 
quartz typically exceeding 720°C.  The bright CL-bright core in one grain from the LVC 40-50-
ka-Hat Mountain-andesite shows a similar trend (Fig 29).  Estimates suggest that this core grew 
at 769°C and 1.7 kbar with an aTiO2 estimate of 0.81.  The relatively CL-darker rim of this grain 
grew at 720°C and 2.2 kbar with an aTiO2 of 0.99.  Here, it is clear that the CL-brightness of the 
core is predominately due to growth in higher temperatures relative to the rim and other grains. 
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Composition and origin of quartz-stable magmas 
Examination of P-T estimates and quartz-hosted melt inclusion compositions in LVC and 
MSH samples reveals the presence of highly evolved silicic reservoirs in which quartz is grown 
between recharge events when the melt has fractionated to quartz-stable conditions.  The highly 
silicic composition of the melt inclusions and cool temperatures calculated from melt inclusion 
data reflects the range of conditions in which quartz growth is stable.   
Individual LVC and MSH samples show compositional trends that correspond with 
decreasing temperatures which helps illustrate quartz growth in a cool actively fractionating 
residual melt.  Samples from both volcanoes show increasing K and Na strongly correlated with 
decreasing temperatures (Fig. 30).  Multiple samples from both volcanoes also show increases in 
Rb and Cs and decreases in Sr corresponding with cooling which is consistent with an evolving 
residual melt (Fig. 31).  The increases in K, Rb, and Cs in the residual melt, and subsequently the 
melt inclusions, is likely due to the fact that there was no simultaneous crystallization of alkali 
feldspar.  In contrast, Sr sequestration in plagioclase will cause a decrease in the abundance of Sr 
in the residual melt.  Increases in Na may imply limited plagioclase precipitation or of more 
anorthic plagioclase (Fig. 30).  
At LVC, these stable conditions are frequently interrupted by local intrusions of hot 
mafic magma.  These mafic intrusions are low-volume and therefore do not usually lead to 
magma mixing (Clynne, 1999).  However, the thermal effects of recharge events would lead to 
dissolution and subsequent local changes in the composition of the residual melt.  Furthermore, 
the viscosity of the crystal mush would inhibit significant migration of newly dissolved 
components, in effect creating localities of unique residual melt compositions within the crystal 
mush.  As dissolution is caused by reheating, the degree of reheating would affect the magnitude 
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of heterogeneity.  This could be controlled by both the volume of the intruding magma as well as 
the proximity to the intrusion pathway.  Additionally, the timing of quartz growth could increase 
melt inclusion heterogeneity as certain trace elements are reincorporated into phases over time.  
In other words, compositional heterogeneity would be most drastic just prior to the intrusion 
events and would return toward equilibrium over time. 
This influx of hot mafic magmas at LVC results in clear thermal and compositional 
perturbations recorded by melt inclusions reflecting variations in quartz growth conditions.  In 
some cases, these heterogeneities are reflected by melt inclusion compositional variation among 
rock samples.  For example, melt inclusions from the LVC 35-ka-Kings Creek-rhyodacite are 
consistently enriched in Mg, Ti, and Fe (Fig. 16) as well as V, Sr, and Ba; however these 
increases are not as drastic as they would be if caused by post-recharge mixing.  Enrichment of 
compatible elements such as Mg, Ti, and Fe is likely due to dissolution of biotite.  In dacitic 
melts, Sr and Ba tend to partition into plagioclase (Severs et al., 2009).  Dissolution of the outer 
low temperature zones in particular would lead to coupled Sr and Ba enrichment (Kent et al., 
2010).  Enrichment in V is most likely due to dissolution of amphibole or oxides.   
Compositional variability within individual LVC rock samples and even individual LVC 
grains also captures the local compositional heterogeneity of the silicic LVC residual melt.  
These variations are particularly strong in trace element abundances from quartz-hosted melt 
inclusions from the 27-ka-Lassen Peak-dacite that show a wide range of Li, Cu, Rb, Cs, and Ba 
concentrations.  Quartz-hosted melt inclusions from the 1915-Lassen Peak-black dacite also have 
melt inclusions that are enriched in Cu (Fig. 31).  Nearly all samples show a wide range in Ba 
concentrations (Fig. 31).  In many cases, this variation occurs among inclusions within individual 
grains (Fig. 32).  For example, Ba concentrations in some melt inclusions from the 27-ka-Lassen 
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Peak-dacite show a nearly 8-fold difference.  Ba enrichment is most likely caused by dissolution 
of Ba rich phases such as low temperature plagioclase and biotite.  Ba dilution may be caused by 
melting of hornblende or liquid contamination due to mixing with a mafic liquid.  However, at 
LVC, magma mixing in which the mafic and silicic liquids completely mix does not always 
occur.  Plagioclase melting is also likely a cause for Sr enrichment.  In melt inclusions from the 
27-ka-Lassen Peak-dacite, Rb and Cs enrichment often coincide with each other and likely 
reflect dissolution of biotite.   
Quartz from the 1915-Lassen Peak-black dacite and 27-ka-Lassen Peak-dacite also show 
the widest ranges of quartz crystallization temperatures and pressures.  High ranges in P-T 
growth conditions coinciding with variable quartz-hosted melt inclusion compositions may 
reflect crystal growth in different regions of the magma chamber that are prone to different 
magnitudes of change in the surrounding residual melt upon intrusion events.  This process 
would require crystal mobilization or transfer during growth as described by Wallace and 
Bergantz (2005) in plagioclase or Klemetti and Clynne (2014) in zircons in order to account for 
significant pressure ranges   Furthermore, compositional variations may also reflect the timing of 
crystal growth in relation to melting events. 
Some more extreme compositional variations in melt inclusions are more difficult to 
explain simply be melting of phases in the crystal mush.  For example, in melt inclusions from 
the 27-ka-Lassen peak-dacite and the 1915-Lassen Peak-black dacite, Cu abundances are 
significantly higher in melt inclusions than in the host melt.  Some Cu enrichment could be due 
to melting of plagioclase, amphibole, and magnetite (Ewart and Griffin, 1994).  However, this 
would not explain the extreme Cu enrichment (Fig 31).  One potential explanation for increases 
in Cu would be the presence of an immiscible sulfide liquid.  In evolved silicate melts, sulfide 
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liquids tend to have high Cu abundances (Hattori, 1996).  However, there are no sulfide phases 
present in LVC rocks.  Immiscible sulfide liquids can also be present in mafic melts (Hattori, 
1996).  In this case, a sulfide liquid enriched in Cu may have been present during the mafic 
intrusion leading to Cu diffusion across the intrusion boundary into the dacitic melt.  Also, while 
unlikely, an immiscible sulfide liquid could have contaminated the dacite liquid during the 
intrusion event where the volume of the sulfide liquid was high enough to promote some mixing. 
High Cu abundances in quartz-hosted melt inclusions has also been attributed to extreme 
partitioning of Cu into the vapor phase in pantellerites (Lowenstern et al., 1991).  Here, Cu 
concentrations measured as high as 300 ppm, several hundred times higher than the melt Cu 
abundance, and were concentrated in vapor phase in bubbles of melt inclusions (Lowenstern et 
al., 1991).  As some LVC melt inclusions were smaller than the laser ablation spot size, they 
would have captured bubbles in their analyses.  Furthermore, in the Cu rich inclusions observed 
by Lowenstern et al. (1991) the Cu abundance was not homogenous in the inclusion and was 
mostly concentrated in vapor bubbles between the boundary of the melt inclusion and host 
quartz.  This spatial heterogeneity may help explain the wide range of Cu abundances in LVC 
melt inclusions.  
Extremely high Li abundances in melt inclusions from the 27-ka-Lassen Peak-dacite also 
cannot be attributed only to local melting of crystal mush grains. Similar Li enrichment in 
quartz-hosted melt inclusions has been observed in rhyolites from caldera basins such as the 
McDermitt Ignimbrites (avg 1294 ppm Li) and the Hideaway Park Tuff (avg 5894 ppm Li) 
among others (Benson et al., 2017).  Lithium enrichment in these magmas is a function of the 
amount of felsic crustal contamination (Benson et al., 2017).  High Li abundances in LVC 
quartz-hosted melt inclusions may also reflect small amounts of crustal contamination which has 
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been described as a potential contribution to LVC magmas (Borg and Clynne, 1998; Feeley et 
al., 2008).   
 An additional unexplored source of melt inclusion compositional heterogeneity in and 
among LVC samples is melt contamination from mafic inclusions.  These inclusions, which form 
during magma mixing, contain about 20-50% melt that is relatively more mafic than the host 
dacite.  During disaggregation of inclusions the inclusion liquid contaminates the dacite liquid.  
Disaggregation and contamination from inclusions with varying amounts of melt could lead to 
further heterogeneities.  Those with up to 50% melt may lead significant mafic contamination 
however the affect has not yet been quantified. 
Overall, compositional variability in LVC melt inclusions is most likely a reflection of 
localized compositional variability within the crystal mush system due to dissolution driven by 
small-scale local mafic intrusions and potentially contamination from other outside sources.  The 
effect of mafic input into the system is generally localized and the bulk of the materials effected 
by these events is usually erupted and removed from the system (Klemetti and Clynne, 2014).  
However, thermal effects may be more widespread leading to changes in the residual melt in 
parts of the magma chamber that are not erupted which explains the multiple resorption episodes 
reflected in internal CL textures in quartz.  Therefore, in these effected but not erupted regions, 
further quartz precipitation would resume after the magma again cools and the residual melt 
fractionates to more evolved quartz-stable conditions.   
The comparison between matrix glass and melt inclusion compositions also helps to 
illustrate the effects of mafic recharge on residual melt compositions.  Matrix glass compositions 
from the LVC 35-ka-Kings Creek-rhyodacite are enriched in Mn, Fe, Ti, Ca, and Mg compared 
to melt inclusions from the same sample (Fig. 33).  Therefore, in the 35-ka-Kings Creek-
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rhyodacite, the melt represented by quartz-hosted melt inclusions is more evolved than the melt 
represented by the matrix glass.  Matrix glass quenching is the final event to occur upon eruption 
so in a crystallizing magma, the matrix glass should have the most evolved composition.  This 
enrichment in mafic components in the matrix glass relative to melt inclusions may be due to 
mafic recharge and magma mixing or most likely mafic phase dissolution occurring after the 
entrapment of the melt inclusion (Smith et al., 2010).  Nonetheless, it is the introduction of a hot 
mafic body into the dacitic reservoir and its thermal effects which lead to a compositional change 
in the residual melt prior to eruption.  These same events likely resulted in quartz dissolution 
inhibiting quartz from capturing these events in their compositional profiles and melt inclusions.  
In contrast, melt inclusion compositions from the 1103-yr-Chaos Crags-rhyodacite are consistent 
with matrix glass compositions from the same sample and are even slightly enriched in K (Fig 
33, 34).  The striking similarity in composition between matrix glass and quartz-hosted melt 
inclusions in the 1103-yr-Chaos Crags-rhyodacite indicates that the residual melt in erupted 
magma did not significantly change compositions between quartz growth and eruption, including 
during a recharge event, and both quartz-hosted melt inclusions and matrix glass capture the 
magma compositions when the residual melt is at its most silicic just prior to eruption.  This 
compositional similarity is likely because this Chaos Crags sample is from the early part of the 
eruption before the residual melt was contaminated.  This observation is consistent with the 
compositional similarity between the early Chaos Crags rocks and the bulk composition of the 
system (M. Clynne, written communication, 2020).  Overall, comparing matrix glass 
compositions to quartz-hosted melt inclusion compositions reveals that the compositional effects 
of intrusions on magma may differ at each episode.  
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In LVC samples, overlap among samples in both compositional and P-T space helps 
elucidate the lifespan of individual quartz grains within the crystal mush.  This overlap indicates 
that quartz crystals in a crystal mush may exist for tens of thousands of years before being 
erupted as shown for zircon by Klemetti and Clynne (2014).  As a hypothetical example, quartz 
from the 1915-Lassen Peak-black dacite may have started growing just after the 66-ka-Eagle 
Peak-rhyodacite.  This would mean that grains erupted during the 1915-Lassen Peak-black dacite 
may contain pressure, temperature, and compositional similarities to other quartz grains erupted 
after the 66-ka-Eagle Peak-rhyodacite.  As new growth zones grow on quartz, this pattern would 
result in an overall staggered trend in which samples overlap in P-T and compositional space.   
 Compositional data from MSH melt inclusions, along with P-T trends, reflect the current 
model for early Mount St Helens.  The current model describes a poorly organized magma 
system consisting of separate batches of magma.  Some of the compositional data also may 
suggest influxes of heat into these batches during quartz growth.  Unlike LVC, there is no 
evidence of an overall cooling trend to accompany depressurization from 272 to 147 ka.  
Compared to LVC melt inclusions, MSH melt inclusion compositional variation within 
individual samples and within individual grains is also much less drastic, particularly with 
respect to trace elements (Fig. 17).  However, among samples there is more clustering based on 
major element abundances (Fig 16).  Previous work notes that Ape Canyon dacites were 
compositionally more diverse than later MSH dacites and that eruptions were more widely 
spaced throughout time (Pallister et al., 2017).  Overall, this may reflect the presence of several 
batches of unique magma.   
Melt inclusions from the 272-ka-dacite, which crystallized at pressures greater than 3 
kbar, show compositions that suggest a unique magmatic origin.  Quartz-hosted melt inclusions 
 51 
enriched in Ca, Mn, and Sr compared to quartz-hosted melt inclusions from other samples could 
reflect either quartz crystallization in a more mafic magma or a melt enriched in those elements 
from the dissolution of other phases.  It is difficult to attribute this entirely to dissolution of mafic 
phases due to the lack of other mafic components.  Nevertheless, models of early MSH dacites 
suggest that the mafic component was subtle (Clynne et al., 2008) which may explain why 
enrichments in Ca, Mn, and Sr are not accompanied by high levels of other mafic components 
such as Fe.     
Quartz-hosted melt inclusions from the 263-ka-dacite of MSH also crystallized at 
relatively higher pressures most of which range from 2.6 to 5.0 kbar.  These melt inclusions also 
show signals of crystallization in a less evolved magma enriched in Mg, Ca, and Sr and depleted 
in K and Cs (Fig. 30, 31).  These compositional signatures may result from recharge events with 
magmas enriched in these components or growth in slightly less evolved magma.  Enrichment in 
Mg and Sr may also suggest that dissolution of K-spar, plagioclase, and biotite crystals induced 
by intrusions was more common than in some other MSH magmas (Smith et al., 2010).  
Depletion of Fe in melt inclusions from the 272-ka-dacite and 263-ka-dacite, compared to the 
147-ka-dacite does not coincide with crystallization in less evolved magmas which also suggests 
that Mg, Ca, and Sr enrichment is due to dissolution of other grains such as hornblende, biotite, 
and/or plagioclase (Fig. 30, 31).  Relatively low Ba concentrations could be attributed to 
crystallization in a slightly more mafic magma or dilution of Ba due to dissolution of relatively 
mafic phases such as hornblende.  Quartz-hosted melt inclusions from the 272-ka-dacite and 
263-ka-dacite show higher Sr/Ba ratios relative to the 147-ka-dacite.  High Sr/Ba ratios in 
plagioclase can be diagnostic of growth in more mafic magmas (Kent et al., 2010).  
Alternatively, dissolution of high temperature plagioclase grains would increase Sr/Ba in a 
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residual melt potentially increasing Sr/Ba ratios in quartz-hosted melt inclusions trapped just 
after a dissolution event.  Again, as the mafic component was limited at this time, this chemical 
signature is more likely due to dissolution of plagioclase.   
Overall, most heterogeneity in MSH melt inclusions is not as extreme as that of LVC 
melt inclusions and is likely a result of dissolution of more mafic phases in the host dacite caused 
by high temperature intrusions of similar composition. 
Quartz-hosted melt inclusions from the MSH 84-ka-dacite also show particularly unique 
compositions compared to the other samples.  Due to poor preservation only two were examined 
and only by EMP.  These melt-inclusions are enriched in Al, Mn, Ca and one melt inclusion 
shows relatively low Si abundances.  Aluminum and Mn contents in these quartz-hosted melt 
inclusions are similar to the whole rock concentrations which may suggest the contribution from 
a body enriched in Al and Mn played a major role in magma evolution (Fig. 33).  Enrichment in 
Mn and Ca in particular as well as low Si abundances may suggest the introduction of a more 
mafic magma, melting of more mafic phases, or growth in a somewhat less evolved magma.  As 
this is the youngest sample examined in this study, increases in mafic components could 
represent the early onset of mafic-felsic interaction.      
 
Quartz crystallization, storage, and dissolution 
Quartz growth pressure and temperature estimates along with quartz textures reveal 
important information regarding the crystallization of quartz grains and magma chamber 
dynamics at LVC and MSH.  In both LVC and MSH samples, quartz grains are commonly 
rounded and embayed suggesting grains were partially dissolved just prior to eruption.  
Therefore, the conditions of their most recent growth have often been removed.  In fact, some 
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LVC grains show evidence of a once-present CL-bright truncating rim that has since been 
dissolved (Fig. 26).  Rounded and sinuous embayments are also common especially among LVC 
quartz grains.  Pyroxene coronas around some quartz grains from the 40-50-ka-Hat Mountain-
andesite, the 1915-Lassen Peak-black dacite, and 27-ka-Lassen Peak-dacite in LVC samples also 
indicate that the dacitic magma interacted with a more mafic magma inducing compositional 
disequilibrium in the system (Clynne, 1999; Chang and Meinert, 2004).  Furthermore, an 
individual quartz grain may be present in a magma chamber during multiple episodes of magma 
recharge, but without eruption, as illustrated by multiple internal discordant CL-growth zones 
resulting from multiple episodes of partial dissolution.   
At LVC in particular, eruptions are typically caused by magma recharge (Klemetti and 
Clynne, 2014).  Subsequent changes in pressure (during ascent), temperature, and magma 
composition result in quartz instability upon magma mixing just prior to eruptions.  In LVC 
samples, quartz instability during eruptions is also supported by temperature discrepancies 
between quartz-stable crystallization temperatures and eruption temperatures.  One example of 
this is in the discrepancy between storage temperatures and eruption temperatures in Chaos 
Crags Dome B magmas.  Quartz crystallization temperatures reflective of magma storage range 
from about 673-760°C (Fig. 23).  In contrast, temperatures reflecting post-mixing mobilization 
and eruption of Chaos Crags magmas (some of which are from dome B) measured by 
equilibration of magnesio-hornblende rims and titanomagnetite-ilmenite pairs are significantly 
higher at 772-810 and 760-807°C respectively (Quinn, 2014).  Quartz from this same study was 
not stable at temperatures above 800°C, the upper limits of these eruption temperature ranges 
(Quinn, 2014).  Similarly, LVC eruption temperatures estimated from magnetite-ilmenite pairs 
from the 35-ka-Kings Creek-rhyodacite are about 860°C (Underwood et al., 2012), much higher 
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than quartz-stable storage temperatures that range from 687-751°C.  Phase equilibria 
experiments performed on a dacite from the 1915-Lassen Peak-black dacite suggest dacite 
equilibration at 800-875°C at 0.5 kbar, prior to mixing with andesite and eruption (Schwab and 
Castro, 2007).  At temperatures above 800°C, as pressure increases, quartz becomes unstable 
(Schwab and Castro, 2007).  Eruption temperatures estimated via Fe-Ti thermometry of several 
1915 dome lavas and lava flows suggest eruption temperatures ranging from 900-975°C 
(Underwood et al., 2012).  Quartz crystallization temperatures for the 1915-Lassen Peak-black 
dacite are significantly lower than those from both of these studies ranging from about 650 to 
730°C (Fig 23).  High temperatures measured in other studies are eruption temperatures that 
most likely reflect eruptions induced by magma recharge.  The discrepancy between quartz 
crystallization temperatures from this study and eruption temperatures from other studies implies 
that temperatures at the interface of magmatic intrusions, increase during eruptions.  These 
temperature increases cause quartz dissolution, meaning that recharge conditions are not 
captured by quartz compositions, melt inclusion compositions, or quartz crystallization P-T 
estimates.  Rather, the temperature increases caused by recharge events are captured by 
discordant CL-boundaries, anhedral morphologies, and embayments.  
 At MSH, whereas Ape Canyon stage eruption/post-recharge temperature estimates are 
unavailable, quartz morphologies and internal textures also suggest that quartz grains are often 
partially dissolved upon eruption and in some cases, multiple times before being erupted.  For 
example, multiple quartz grains from the 84-ka-dacite, 147-ka-dacite, and 263-ka-dacite have 
been partially dissolved and also show internal discordant rounded CL-zones implying other 
episodes of dissolution prior to eruption.  However, in contrast to the LVC samples, MSH 
samples contain some euhedral grains or grains with internal regular continuous crystallographic 
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zoning.  Large euhedral grains are found in multiple samples but are particularly common in 
grains from the 272-ka-dacite, the oldest sample examined in this study.  The presence of quartz 
grains with external euhedral terminations requires that the events that lead to eruption did not 
lead to quartz dissolution in these particular grains.  Similarly, the general lack of internal 
discordant zones in this sample suggests that the magma did not undergo multiple episodes of 
quartz dissolution prior to eruption.  Thus, it appears likely that significant magma recharge was 
not common in the early MSH system which is consistent with current Ape Canyon models 
(Clynne et al., 2008; Pallister, 2017).   
Internal discordant zones, which are particularly common in grains from the 147-ka-
dacite eruption, are more difficult to explain without frequent magma recharge or some event 
with heat influx.  It is possible that magma recharge was characterized by the intrusion of a hot 
dacitic magma similar in composition to the host magma as described in many current MSH 
models (Claiborne et al., 2010; Cashman and Blundy, 2013).  For example, Blatter et al., (2017) 
suggest that dacitic liquids incubate and accumulate before ascending to an upper crustal region 
where they crystalize to form their mineral assemblages.  If accumulation in the upper crustal 
region involves intrusions of dacitic liquids, quartz may dissolve.  Claiborne et al., (2010) 
describes a cool long-lived mush system where melt and crystals interact with influxes of 
magma.  This system is thought to be at least 300 ky and possibly up 600 ky based on zircon 
ages.  Quartz with internal dissolution episodes may have experienced dissolution events in this 
system.  
Quartz dissolution may also be caused by decompression during ascent however there is 
no strong evidence from quartz in this study showing that decompression is sequential and most 
likely occurs just prior to eruption.  Alternatively, convection could cause quartz to ascend and 
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descend, and change temperature, potentially resulting in multiple discordant zones but due to 
the viscosity of the magma, this is unlikely without the influx of heat. 
In MSH quartz grains I calculate a decrease in pressure estimates over time between 272-
ka-dacite and 147-ka-dacite (Fig. 23).  This trend suggests significant shallowing of the magma 
system during the Ape Canyon stage.  In MSH grains from the 272-ka-dacite and 263-ka-dacite 
eruptions, quartz crystallization pressure estimates often exceed depths of 9 km.  Models suggest 
a current magma chamber depth of 5-12 km with dacite convection occurring from about 5 to 10 
km (Geschwind and Rutherford, 1992; Rutherford and Devine, 2008; Pallister et al., 2017).  
Shallow storage may be intermittent.  In contrast, quartz crystallization pressures estimated from 
the 272-ka-dacite and 263-ka-dacite ka eruptions suggest that quartz crystallized over a wide 
range of pressures often in reservoirs significantly deeper than today’s (Fig 23).  Quartz 
crystallization pressure from 147-ka-dacite are more consistent with models of the current 
chamber but suggest that quartz crystallized throughout the entire depth of the system described 
by Pallister et al. (2017).  These results suggest a transition from an ancient deeper magma 
system to the current MSH magma system reflecting a long-term shallowing trend.  Furthermore, 
young MSH magmas do not contain quartz meaning that this structural trend is complemented by 
a change in magma composition (Hildreth, 2007).  Storage pressure estimates from more Ape 
Canyon eruptions would help to understand the consistency of shallowing. 
High pressure quartz crystallization estimates for many MSH quartz grains, between 
about 9 and 20 km (at temperatures of 672 to 766°C) are greater than is typically interfered for 
quartz crystallization and generation of dacitic magmas in the Cascades (Venezky and 
Rutherford, 1997; Blundy and Cashman, 2001; Rutherford and Devine, 2008; Quinn, 2014).  
While there is limited work in experimental petrology examining quartz stability above 3 kbar 
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there are some important findings particularly in dacite genesis and storage that support the 
feasibility of these findings.  In many cases the crystallization of quartz at high pressures is 
common but requires low temperatures and water-saturated conditions (Prouteau and Scaillet, 
2003; Nandedkar et al., 2014).  Data from this study shows that high pressure crystallization of 
quartz also occurred at low temperatures while other studies confirm that the MSH dacite is 
hydrous (Blatter et al., 2017).  Crystallization experiments examining the 1991 Pinatubo dacite 
describe quartz crystallization between 4.0 and 9.6 kbar or about 14.4 to 34.6 km (Prouteau and 
Scaillet, 2003).  High pressure estimates from MSH grains may be more in line with results 
observed examining primitive arc magmas (Nandedkar et al., 2014).  Here, experimental quartz 
was produced at 7 kbar or about 25.2 km from 1170 to 700°C and H2O contents from 3 to 10 
wt.% (Nandedkar et al., 2014).  Similar high-pressure crystallization of natural samples has also 
been estimated in quartz erupted from the Tunnel Spring Tuff (Audétat, 2013), where, quartz 
pressures estimated using the TitaniQ thermobarometer range from 2.8 to 5.8 kbar or about 10.1 
to 20.1 km also at low temperatures close the granite solidus (Audétat, 2013).  Overall, high 
pressure quartz crystallization is feasible in a low temperature hydrous magma. 
Both LVC and MSH quartz data also suggest significant decompression in quartz 
crystallization conditions through time in the samples analyzed (Fig. 23).  Decompression in the 
LVC system, which is particularly well pronounced, is accompanied by a similar progressive 
decrease in temperature (Fig. 23).  The cooling and depressurization trends are not accompanied 
by a change in mineral assemblage, quartz compositional data, or melt-inclusion compositions, 
that are fairly consistent through time.  Prolonged decompression of the LVC system may reflect 
erosion of the system from below.  During LVC recharge events intruding mafic magmas cause 
the mobilization and eruption of material from the bottom of the magma chamber.  As no new 
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felsic material is being generated, this frequent removal of magma would require the entire 
system to shrink.  This model of decompression would also explain why the eruptive material 
has not significantly changed in composition over time (Klemetti and Clynne, 2014).   
 
Magma chamber recharge 
Both the LVC and MSH magma systems are characterized by influxes of small batches of 
magma (Cashman and Blundy, 2013; Klemetti and Clynne, 2014).   
At LVC, magma recharge is characterized by the influx of hot mafic magma into the 
main rhyodacite magma reservoir resulting in mobilization of discrete sections of the magma 
chamber that is otherwise too crystal rich and viscous to erupt (Klemetti and Clynne, 2014).  
Quartz morphology, textures, and P-T ranges in this study reflect these recharge events.  As 
previously mentioned, CL zoning in quartz is dominated by discordant boundaries with few 
examples of quartz crystals that reflect continuous uninterrupted growth.  Furthermore, these 
variations in CL zoning are complemented by changes in P-T conditions that suggest that quartz 
growth occurs in discrete episodes, at new post-recharge conditions, after dissolution events.  
Other external irregularities include augite coronas around quartz rims, embayments, or 
anhedral/subhedral morphologies.   
 In LVC samples, pyroxene coronas are present around all quartz from the 40-50 ka lava 
flow, some quartz grains from the 1915-Lassen Peak-black dacite, and some grains from the 27-
ka-Lassen Peak-dacite.  However, pyroxene coronas have also been observed around quartz from 
other eruptions examined in this study, but in other rock sample (M. Clynne, written 
communication, 2020).  In some cases, these features are attributed to magma mixing between 
quartz-bearing silicic magmas and basaltic andesite leading to a diffusion-controlled growth of 
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augite around a dissolution boundary of quartz (Sato, 1975; Stimac and Pearce, 1992; Chang and 
Meinert, 2004).  In LVC magmas, quartz coronas may arise from two scenarios.  During small 
mafic intrusions where the proportion of mafic magma is low, the intruding magma contacts the 
rhyodacite and is quenched to form mafic inclusions which include some quartz grains (Clynne, 
1999).  Quartz melts and the melt reacts with the surrounding liquid to form pyroxene coronas 
(Clynne, 1999).  As some mafic inclusions disaggregate, the quartz is released back into the host 
dacite with a corona which explains the presence of coronas on only some quartz grains as well 
as the presence of coronas around quartz within inclusions.  This is likely the process that 
occurred for most of the LVC samples.  When the volume of intruding mafic magma is relatively 
large, the two magmas are eventually able to directly mix because over time, the high 
temperature of the intruding magma blocks it from crystallizing.  In this case, all quartz grains 
within the mixed magma will form coronas.  This is the cause of the high abundance of coronas 
around quartz in the 40-50-ka-Hat Mountain-andesite.  In either case, mafic intrusion plays a 
clear role in magma chamber dynamics and quartz growth.   
Traces of recharge-induced magma mixing may also be evident in quartz-hosted melt 
inclusion compositional variation in some quartz grains.  In LVC samples, some category 1 
grains in particular appear to show significant changes in melt inclusion trace element 
concentrations from core to rim.  Importantly, these variations are also present in melt-inclusions 
in category 3 grains with internal discordant boundaries meaning that they are not limited to 
quartz of specific CL categories but may be more common in quartz with discordant CL zones 
(Fig. 32).  As previously explained, in quartz-hosted melt inclusions from the 27-ka-Lassen 
Peak-dacite there is a wide range of Li, Cu, Rb, Cs, and Ba concentrations as well as some 
inclusions with depleted Ba (Table 5, Fig 17).  In quartz from 1915-Lassen Peak-black there is a 
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wide range of Cu and Ba concentrations in melt inclusions (Table 5, Fig 17).  These localized 
compositional variations may represent compositional heterogeneities in the LVC magma 
chamber brought on by either mixing from high volume mafic intrusions, or more likely from 
crystal dissolution from the heat of lower volume intrusions.  Furthermore, as newly dissolved 
elements diffuse and partition over time, variations within specific localities may occur 
depending on the timing of quartz growth.  
Additionally, P-T estimates from these same LVC samples also show the most variation 
compared to other samples from this study.  Quartz grains from samples with low-contrast CL 
zoning and smaller ranges in P-T-X conditions, do not show such compositional variability in 
melt inclusions (Fig. 35).  Overall, while it is clear that LVC quartz does not capture all of the 
changes in the magma during or after mafic recharge, it can capture small changes still left after 
the magma has equilibrated to quartz-stable conditions.  
Currently, there is no strong evidence to suggest that the dacitic Ape Canyon MSH 
magma interacted with mafic magma (Clynne et al., 2008).  This would explain the lack of some 
disequilibrium features in MSH quartz that were present in LVC quartz as well as lower 
compositional variability in melt inclusions within individual samples.  Nonetheless, internal 
discordant zones in many MSH quartz grains imply that dissolution events were frequent.  These 
dissolution events may reflect storage in a long-lived portion of the MSH system where melt and 
crystals are stored for up to hundreds of thousands of years and are met with fresh influxes of 
magma before being erupted (Claiborne et al., 2010).   Some zircons believed to be present in 
this system are as old as 500-600 ka, 300 ky older than the first known MSH eruption (Claiborne 
et al., 2010).  Importantly, Claiborne et al. (2010) argues that most zircon growth occurred at or 
near quartz saturation.  Furthermore, temperature estimates based on Ti in zircon suggest that the 
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early system was relatively cool (≤ 750°C) in line with MSH quartz crystallization temperature 
estimates from this study.  Therefore, quartz erupted during the Ape Canyon stage, may have 
been present in this crystal rich storage zone repeatedly remobilized by hotter younger magmas 
of similar composition.   
In both LVC and MSH samples, CL-bright cores are rare features, yet consistently show 
unique characteristics that may provide insight into more significant changes in magma chamber 
conditions.  Bright cores in quartz from the 40-50-ka-Hat Mountain-andesite from LVC and the 
147-ka-dacite from MSH show that bright cores have consistently higher trace element 
concentrations both in quartz as well as in the quartz-hosted melt inclusions (Fig. 36).  In fact, 
some bright cores even show Fe enrichment in melt inclusions that is otherwise not observed in 
any quartz grains from this study (Fig. 36b).  In porphyry deposits these bright cores have been 
associated with early high-temperature quartz growth at the beginning of quartz crystallization 
following fractional crystallization of andesitic melts (Müller, 2000; Vasyukova et al., 2013).  
Quartz growth in a less evolved magma relatively enriched in Fe may explain enriched Fe 
contents in melt inclusions within bright cores.  Perhaps bright cores represent the earliest-grown 
quartz after recharge events at the onset of quartz-stable conditions when the magma is still 
enriched in some mafic components.  It is also likely that bright cores represent a small 
remaining population of quartz that has otherwise been almost completely removed by 
dissolution.    
 
Recharge leads to quartz mobilization and redistribution 
An intriguing feature of MSH and LVC samples examined in this study is the coexistence 
of quartz populations with different growth histories within individual samples.  This variety of 
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growth histories is most commonly expressed by the presence of various CL-textures within 
individual samples.  Similarly, petrologic features such as augite coronas and partially dissolved 
quartz when present, do not occur in every grain in an individual sample. 
In most cases, despite clear differences in crystallization history, the various CL-
categories show similar trace element abundances and melt inclusions compositions within 
individual samples.  They also show no clear distinction based on P-T conditions with the 
exception of the higher temperatures estimated from CL-bright cores.  This compositional and 
thermobarometric homogeneity within samples suggests that rather than being crystallized in 
different reservoirs and carried by different melts with different origins, all grains within an 
individual sample grew generally within the same magma system.  Even in quartz grains from 
the 272-ka-dacite and 1915-Lassen Peak-black dacite where significant variability in trace-
element concentrations in melt inclusions is observed, this variability is not limited to grains with 
specific textures.  Rather, compositional variability is a shared feature that is diagnostic of quartz 
from that eruption.  Differences in history would therefore be attributed to growth at different 
times or at different localities of the same system causing variations in trace element abundances 
in the residual melt.  Changes in localities during growth may be expressed by variable pressure 
conditions.   
The recycling of crystals within magma systems is fairly well documented at both MSH 
and LVC and the presence of multiple generations of various mineral phases in single Cascades 
Arc eruptions is often linked to magma mixing (Cooper and Reid, 2003; Clynne, 1990; Claiborne 
et al., 2010; Kent et al., 2010; Klemetti and Clynne, 2014; Escobar-Burciaga, 2016; Sas et al., 
2017).  Petrologic complexity and zircon age complexity in MSH magmas has been attributed to 
mixing between various generations of magmas and recycling of pre-existing zones of mush 
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(Claiborne et al., 2010; Wanke et al., 2019).  At LVC, crystal recycling is due to frequent partial 
rejuvenation of the crystal mush (Klemetti and Clynne, 2014).  These events are local and 
therefore would only mobilize certain grains located near the intrusion meaning that grain 
location is a significant factor in growth/dissolution history.  In examining plagioclase from 
Chaos Crags magmas using their novel “shared characteristic diagram” method, Wallace and 
Bergantz (2005) found that these grains can only be traced for a short period of time before 
developing heterogeneities.  In this case, magma mingling and diffusion across the mafic-felsic 
boundary result in temperature, aH2O, and composition across inclusions and within the host 
rhyodacite as well as temporal variations (Wallace and Bergantz, 2005).  Crystal transfer results 
in the gathering of diverse grain populations with different growth histories within a common 
environment that changes temporally (Wallace and Bergantz, 2005).  Furthermore, they found 
that many of the crystals had experienced several resorption episodes and that some adjacent 
crystals that appeared to have similar textures actually had different growth histories (Wallace 
and Bergantz, 2005).  These observations are very similar to what is observe in LVC and MSH 
quartz.   
Crystal mobilization within the chamber may also be enhanced by convection 
(particularly occurring at the mafic silicic interface where thermal influx is high) which has been 
described at both systems and is often caused by high temperature intrusions (Clynne, 1999; 






Models of magma chamber dynamics 
Quartz crystallization data from samples erupted at LVC and MSH suggest complex 
quartz crystallization occurring at cool temperatures over a wide range of storage depths that 
have shallowed over time.   
I propose a model for quartz crystallization at LVC in which mobilization and 
redistribution of various generations of quartz, primarily from heat influx from magma intrusions 
leads to quartz with different growth histories within individual eruptions (Fig. 37).   The LVC 
magma system is driven by a long history of mingling of crystal mush and mafic input (Clynne, 
1999; Klemetti and Clynne, 2014).  Pressure and temperature estimates coupled with quartz 
morphology and textures suggests that quartz phenocrysts crystallize under quartz-stable 
conditions in a cool highly silicic magma mush from a residual melt that fractionates in between 
recharge events.  During mafic intrusions, temperature increases cause phases such as quartz or 
plagioclase to melt and chemical disequilibrium causes quartz and plagioclase along with other 
more mafic phases such as biotite, amphibole, and oxides to dissolve and potentially react with 
the melt creating local compositional heterogeneities in the residual melt.  Temperature increases 
also cause quartz in the intrusion pathway to partially dissolve and be remobilized or potentially 
erupted where grains may continue to dissolve by ascent driven decompression.  However, as 
recharge events only mobilize parts of the magma chamber, some quartz will not be erupted or 
dissolved at any particular recharge event.  After an intrusion event, the magma compositional 
will gradually return toward an equilibrium composition. 
A key proponent of quartz CL textures is that quartz grains commonly experience several 
partial dissolution episodes and therefore not all of the material affected by intrusion events is 
erupted; some material remains in the chamber.  These grains will develop disequilibrium 
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textures and may be relocated to be near other quartz grains with different growth histories that 
have been growing for different amounts of time and/or have grown in different parts of the 
magma chamber.  As quartz will only grow once stable conditions are met, quartz with different 
textures within individual eruptions appear to have grown in compositionally similar magmas.  
Smaller variations in composition among quartz-hosted melt inclusions can be attributed to 
changes in the melt during fractionation and local changes in the composition of the residual 
melt from recharge-induced dissolution.  When batches of magma are erupted upon mafic 
recharge events, they will potentially capture and erupt quartz grown with varying growth 
histories while redistributing quartz left behind, in a similar manner to zircons as described by 
Klemetti and Clynne (2014).   
This quartz crystallization model is different from those at other more silicic volcanic 
systems that consistently produce compositional zoning in quartz grains consistent with 
dissolution and regrowth after mafic recharge (e.g. Wark et al., 2007; Audétat, 2013).  For 
example, quartz from the Upper Bandelier Tuff and Tunnel Spring Tuff show clear increases in 
temperature and aTiO2 and decreases in pressure from core to rim (Audétat, 2013).  Similarly, 
abrupt rim-ward increase in Ti concentrations in quartz from the Bishop Tuff is attributed to 
quartz growth following mafic recharge and dissolution (Wark et al., 2007).  Importantly, these 
quartz grains are often euhedral to subhedral as rim growth, rather than dissolution, was the final 
event to occur prior to eruption (Peppard et al., 2001; Wark et al., 2007; Audétat, 2013).   
The extent to which magma mixing played a role in magma chamber dynamics in the 
early MSH systems is poorly understood.  In contrast to LVC, there is no evidence to suggest 
that early MSH dacites interacted with mafic magmas and quartz morphologies and textures 
from early Ape Canyon MSH samples in this study suggest that quartz was relatively stable even 
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during eruption (Clynne et al., 2008; Pallister, 2017).  Compositional variability among samples 
and differences in quartz crystallization pressures support the idea that the early system was 
poorly organized and consisting of multiple batches of magma (Clynne et al., 2008).  Quartz 
grains from later Ape Canyon eruptions show internal discordant zoning and more textural 
variability.  These grains may have experienced intrusions of hotter magmas of similar 
composition.  Specifically, these grains may be derived from the long-lived cold storage system 
described by Claiborne et al. (2010) which experiences frequent intrusions of hotter magmas of 
similar compositions to the host magma.  An overall shallowing of the system corresponding 
with changes in quartz textures and magma chamber dynamics may reflect changes in the 
organization of the system over time to a more coherent system.    
While not previously observed specifically in quartz, recharge as well as crystal recycling 
and redistribution is commonly described in many volcanic systems in the Cascades and beyond 
and often leads to coexistence of complex crystal populations found within individual eruptions 
(e.g. Murphy et al., 2000;  Zellmer et al., 2003; Wiebe et al., 2004; Miller et al., 2007; Bacon 
and Lowernstern, 2005; Claiborne et al., 2010a; Claiborne et al., 2010b; Kent et al., 2010; 
Klemetti and Clynne, 2014; Escobar-Burciaga, 2016; Sas et al., 2017).  Understanding the effect 
of recharge on quartz in the LVC system helps to clarify how recharge affects highly silicic 
quartz bearing magma systems of arc volcanoes.  Observations of early MSH quartz grains helps 







Complex quartz zoning and petrologic features in conjunction with melt inclusion 
compositions and pressure and temperature estimates of quartz crystallization provide important 
insight into the magma chamber dynamics of the MSH and LVC magma systems.   
Quartz grains in the LVC system grew within a dacitic magma mush frequently 
recharged by small volume localized mafic intrusions.  Crystal melting and magma 
mixing/mingling is confined to the rejuvenation pathways leaving other parts of the magma 
mush largely unaffected.  These intrusions make the conditions of the melt temporarily unstable 
for quartz growth causing quartz to be dissolved and potentially incorporated into the mafic melt 
where they form pyroxene coronas.  The localized nature of the intrusions and subsequent 
melting also leads to compositional heterogeneities in the residual melt within the LVC system.  
Eventually, the residual melt returns to quartz-stable conditions, and compositional heterogeneity 
is captured by compositional variability in quartz-hosted melt inclusions from different samples, 
within individual samples, and even within individual grains.  The intruded portion of the magma 
mush is also mobilized. Some of the magma is erupted and quartz grains are partially dissolved 
by temperature increases and/or ascent driven decompression.  Some grains in the remobilization 
pathway are not erupted but instead are relocated within the low viscosity region and recycled.  
These grains may experience more intrusion events.  Therefore, quartz grains can be recycled 
throughout the system and be relocated proximal to grains with different growth histories 
reflecting location and timing of growth.   This grain recycling leads to diverse and complex CL 
zoning in quartz and compositional heterogeneity within quartz-hosted melt inclusions in quartz 
from individual eruptions.  
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Quartz grains from MSH Ape Canyon eruptions generally reflect a poorly organized 
magma system with little to no mafic input potentially transitioning to a more coherent system.   
Throughout the Ape Canyon stage, quartz crystallization shifted from occurring over a wide 
range of relatively high pressures to pressures more consistent with the current depth of the 
system.  A decrease in crystallization pressure is also accompanied by a transition in quartz 
morphology and texture.  Early Ape Canyon quartz appears to have grown in relatively stable 
conditions as internal dissolution boundaries are rare and grains are commonly euhedral.  
Younger Ape Canyon grains however are more commonly subhedral and anhedral and show 
internal dissolution episodes, especially those from the 147-ka-dacite sample.  There is no 
evidence for significant mafic input into the MSH system however internal dissolution episodes 
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Table 1. Basic description of quartz-bearing samples.   






















































plg>qtz>bt>hbd>cmg High  Low/moderate  
Lassen Volcanic Center            
116-ka-Raker Peak-
rhyodacite 
116±9 ka Eagle Peak Lava dome 
Rhyolite 
(72.0) 
plg>bt>qtz>amp>feti Moderate Low/moderate  
66-ka-Eagle Peak-
rhyodacite 
66±4 ka Eagle Peak Pyroclastic flow 
Rhyodacite 
(70.86) 
plg>bt>qtz>amp High Moderate/high  
40-50-ka-Hat 
Mountain-andesite 
40-50 ka Twin Lakes Lava flow 
Andesite 
(62.0) 
plg>qtz>amp Moderate Low/moderate  
35-ka-Kings Creek-
rhyodacite 
35±1 ka Eagle Peak Lava flow 
Rhyodacite 
(70.00) 
plg>bt>hbd>qtz Low Moderate  
27-ka-Lassen Peak-
dacite 










Eagle Peak Lava flow 
Rhyodacite 
(70.03) 
plg>bt>hbd>qtz>feti High  Moderate/high  
1915-Lassen Peak-
black dacite 
105 yr Twin Lakes Lava dome 
Dacite 
(64.89) 
plg>bt>hbd>qtz High  Moderate/high  


















Not observed (0%) 
Scarce (1-25%) 














Table 2. Relative abundance of quartz categories in each sample based on the dominant CL-defined texture in individual grains 
Sample 
Category 1: CL-dark 
Core Truncated 
 by CL-bright rim/mantle 
Category 2: CL-Bright 
core truncated by 
 CL-dark mantle/rim 
Category 3: CL-defined 






Notable Unique  
Zoning Textures 
Mount St. Helens 
272-ka-dacite Scarce Not observed Abundant Not observed Not observed 
263-ka-dacite Occasional Scarce Scarce Not observed Occasional 
147-ka-dacite Rare Scarce Common Scarce Scarce 
84-ka-dacite Occasional Scarce Occasional Scarce Scarce 
Lassen Volcanic Center 
116-ka-Raker Peak-
rhyodacite 
Scarce Scarce Abundant Scarce Not observed 
66-ka-Eagle Peak-
rhyodacite 
Not observed Not observed Common Scarce Scarce 
40-50-ka-Hat 
Mountain-andesite 
Scarce Scarce Occasional Scarce Scarce 
35-ka-Kings Creek-
rhyodacite 
Not observed Not observed Occasional Common Not observed 
27-ka-Lassen Peak-
dacite 
Scarce Scarce Common Scarce Not observed 
1103-yr-Chaos Crags-
rhyodacite 
Occasional Scarce Occasional Scarce Scarce 
1915-Lassen Peak-
black dacite 
Scarce Not observed Common Not observed Scarce 
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NA=not analyzed 























Table 3. Range of titanium abundances (in ppm) for quartz categories within individual samples 
Sample 
Category 1: CL-dark Core 
Truncated 
 by CL-bright rim/mantle  
Category 2: CL-Bright 
core truncated by 
 CL-dark mantle/rim  
Category 3: CL-defined 





Mount St. Helens 
272-ka-dacite 25-56 29-59 25-54 NA 
263-ka-dacite 26-82 44-75 40-72 NA 
147-ka-dacite 93* 69-178 71-115 NA 
84-ka-dacite 33-73 58-117 47-86 53-77 
Lassen Volcanic Center 
116-ka-Raker Peak-
rhyodacite 80-110 NA 78-120 NA 
66-ka-Eagle Peak-
rhyodacite NA NA 83-107 74-93 
40-50-ka-Hat Mountain-
andesite 94-113 89-137 92-128 NA 
35-ka-Kings Creek-
rhyodacite NA NA 87-143 NA 
27-ka-Lassen Peak-dacite 75-134 86-99 83-126 NA 
1103-yr-Chaos Crags-
rhyodacite 85-114 88-109s 86-114 NA 
1915-Lassen Peak-black 
dacite 74-116 NA 78-125 NA 
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NA NA NA NA NA NA NA NA NA 
















































































































































aAll Na measured via LA-ICP-MS. 
eThere was a discrepancy between LA-ICP-MS and EMP values.  When available EMP values were used.  When not available, a correction 
factor was applied to ICP-MS values. 
cAll data from LA-ICP-MS except for Al2O3 which is from EDS and SiO2 which is an average of EMP data 
dSome melt inclusions analyzed via LA-ICP-MS, some measured via EMP, for those not measured via EMP, Al2O3 and SiO2 are based on 
EMP averages from melt inclusions from the same grain if available, or based on averages from melt inclusions from the rock sample  
eMelt inclusions measured via ICP-MS with the acceptation of 1 measured via EMP, Al2O3 and SiO2 are based on EMP averages from that 















































Table 5. Trace element concentrations of quartz-hosted melt inclusions, listed as ranges and means 



































































































































n=0 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 


























































































































































































































































BDL=below minimum detection limit 












Figure 1. The Cascades Volcanic Arc stretches about 1300 km from northern California to 
southern British Columbia with Lassen Volcanic Center being the southernmost volcanic center 
and Mount Meager being the northernmost volcano.  The sites for this study are indicated with 
stars-Mount St. Helens and Lassen Volcanic Center.  Letters represent abbreviations of major 
composite volcanoes and volcanic centers: MS, Mount Shasta; MLV, Medicine Lake Volcano; 
MMc, Mount McLoughlin; CLV, Crater Lake; NV, Newberry Volcano; TS, Three Sisters; MJ, 
Mount Jefferson; MH, Mount Hood; SVF, Simcoe Volcanic Field; MA, Mount Adams, MR, 
Mount Rainier; GP, Glacier Peak; MB, Mount Baker; MG, Mount Garibaldi; MC, Mount 
Cayley; MM, Meager Mountain.  The solid lines over the volcanoes indicate segments of the 
volcanic arc as defined by Guffanti and Weaver (1988).  Image modified from Borg and Clynne 
(1998).  Plate velocities from McCrory et al., 2012.  Inset maps show general sketches of the 
MSH and LVC regions with sample locations and surface features labeled.  Stream and lake data 
provided by the EPA (2017).  The samples titled 27-ka-Lassen Peak-dacite and 66-ka-Eagle 
Peak-rhyodacite were collected as pyroclastic flow deposits and the 1915-Lassen Peak-black-
dacite was collected as a lahar sample which is why their plotted locations are not on Chaos 






















Figure 2. Photomicrographs of examples of quartz-hosted melt inclusions analyzed via EMP.  
MSH samples include 263-ka-dacite (A), the 147-ka-dacite (B), and the 84-ka-dacite (C).  LVC 
samples include the 27-ka-Lassen Peak-dacite (D), the 1103-yr Chaos Crags-rhyodacite (E), and 
the 1915-Lassen Peak-black-dacite (F).  Melt inclusions are circled in blue.  Sample names 
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Figure 3. Isopleths relating titanium concentrations in quartz to temperature on the x-axis and 
pressure on the y-axis.  This graph assumes an aTiO2 of 1.0 which is indicated by the presence of 
rutile.  If aTiO2 is less than 1.0, the isopleths will shift to the right in P-T space.  Data from 
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Figure 4.  Optical (A) and backscattered-electron (B) images of the same quartz phenocrysts.   
Note that the crystals are fractured and rounded and have dissolution boundaries.  Many crystals 
contain well-preserved melt inclusions (white arrows) mineral inclusions (white circles) and 














































Figure 5. SEM-BSE images of quartz crystals with pyroxene coronas.  Grains A and B are from 
the 40-50-ka-Hat Mountain-andesite.  Grain C is an enclave quartz grain from the 27-ka-Lassen 
Peak-dacite from LVC and grain D is from the LVC 1915-Lassen Peak-black dacite.  This is the 
only grain from the 1915-Lassen Peak-black dacite sample with this feature. Scale bars are 500 










Figure 6. Histogram showing the relative abundance of quartz grains assigned to each type of 










































































































































































Bright rim truncating dark core/mantle






   
Figure 7. Category 1 grains are dominated by the presence of bright rims truncating relatively  
darker cores/mantles.  Rims vary in texture and morphology and may be thin (A), thick (B), 
complex containing oscillating zones (C, D, F) and/ or simple (A, B, D).  Cores, which are 
truncated, also vary and may be simple (B) or complex with oscillating zones (C) that may be 
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Figure 8.  Category 2 grains show CL-bright cores truncated by CL-dark mantles/rims.  CL-
contrast between cores and mantles/rims varies.  Cores may be homogenous (A, D) or contain 
faint zones that may be continuous (E, F) or irregular (C).  Mantles/rims may also be 































Figure 9.  Category 3 grains are dominated by oscillatory growth zones.  These zones may be 
continuous (A, E) or irregular showing dissolution (B, C, F).  Oscillations may be smudged or 
diffuse (C) and also may host irregularities such a wavy or turbid growth zones (D).   The 
relative CL-contrast of oscillatory zones varies.  Additionally, oscillatory zones may be 
incorporated into larger step zones (F).  White arrows (B, E, F) point to examples of internal 
irregular boundaries between CL-zones indicating dissolution followed by regrowth.  Scale bars 
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Figure 10.  Category 4 grains are homogenous or show very low CL-contrast zones (A, C, E).  
Some variations in CL intensity may be due to defects from melt or mineral inclusions (white 
circles).  Additionally, remnants of older dissolved zones may be slightly preserved (D).  Scale 






















































Figure 11.  Category 5 quartz grains show unique patterns such as grains dominated by irregular 








































Figure 12. Within individual samples, Ti concentrations in quartz show a strong correlation with 
Li and Al concentrations.  Blue shapes represent MSH samples and red, orange, and green 
shapes represent LVC samples.  The scatter plot below is a Harker diagram of whole-rock TiO2 
abundances for the rock samples and equivalent rock samples. In general, LVC Ti in quartz 
abundances are higher than MSH Ti in quartz abundances while whole rock TiO2 abundances 













































































































Figure 13. Category 2 quartz grains commonly show particularly higher Ti concentrations in 
their bright cores than in their darker rims.  The high Ti concentrations often exceed or fall at the 
high ends of MSH (A, B) and LVC (C, D) Ti ranges.  Grains A and B were found in the MSH 
147-ka-dacite and grains C and D were found in the LVC 40-50-ka-Hat Mountain-andesite.  
Sample names of individual quartz grains are also given.  Ti concentrations are given in ppm.  























































Figure 14. Compositional profiles show a strong relationship between CL intensity and Ti 
content and a weaker relationship with Li.  Al commonly correlates with CL-intensity but shows 









































































































Figure 15.  Harker diagrams of compositions of quartz-hosted melt inclusions analyzed via 
EMP.  Na2O not included because correction factor was not applied when analyzing melt 
































































































































Figure 16.  Chemical variation diagrams of major element compositions of quartz-hosted melt 
inclusions used in P-T calculations (EMP and LA-ICP-MS).  Major element compositions show 
either flat or scattered patterns with minimal ranges within individual samples.  Positive 
correlations are present in multiple MSH and LVC samples between Na2O and K2O and K2O and 
MnO however most samples show no clear relationship.  FeO and TiO2 concentrations as well as 
CaO and MgO concentrations show strong positive correlations that are common among the 




































































































































































































































































































































Figure 17.  Chemical variation diagrams of trace elements in quartz-hosted melt inclusions.  
Analyses where most of the elements measured below detection limit are not included.  
Additionally, data from the MSH 84-ka-daciteeruption were not included due to the 
inconsistency in both major and trace element abundances most likely due to contamination from 



























































Figure 18.  Histograms showing TiO2 concentrations of quartz-hosted melt inclusions in each 



































































































































































































































Figure 20a.  Scatter plots showing TiO2 and Zr concentrations 
in quartz-hosted melt inclusions in each sample.  Each point 
represents a single inclusion and each color an individual grain.  
Plots only include grains in which multiple melt inclusions 
were analyzed.  There is slight intergranular variation in some 
samples in which certain grains in the MSH 147-ka-dacite and 
the LVC 1915-Lassen Peak-black dacite have specific grains 
with higher values.  In most cases, TiO2 and Zr variability in 
quartz-hosted melt inclusions within individual grains is 
equivalent to variability within samples.  Therefore, there is no 
strong evidence of individual populations of quartz based on Ti 











































































































































































































Figure 20b.  Scatter plot showing TiO2 and Zr concentrations in quartz-hosted melt inclusions 
among all samples analyzed.  In general, samples overlap with some distinctions based on 
volcano.  Quartz-hosted melt inclusions from the LVC 116-ka-Raker Peak-rhyodacite have 
consistently high TiO2 concentrations while those from the MSH 272-ka-dacite have consistently 
low TiO2 concentrations.  Quartz-hosted melt inclusions from the LVC 27-ka-Lassen Peak-dacite 























































Figure 21.  Histograms showing the distribution of 
titanium activities based on the TiO2 solubility model 
(Kularatne and Audétat, 2014) of individual volcanoes 
and samples.  Several LVC analysis resulted in aTiO2 
values that are less than 0.5.  As this is unrealistically 
low, these values were corrected to 0.5 to reflect the 
lower limit of realistic aTiO2 values in these magmas.  
This change was not made to any MSH data as all melt-






























































































































































Figure 22.  Scatter plot showing quartz crystallization temperatures estimated by Zr saturation 
thermometry (Watson and Harrison, 1983) vs aTiO2 of quartz-hosted melt inclusions estimated 
using the TiO2 solubility model (Kularatne and Audétat, 2014).  The black oval indicates the 
approximate field of MSH temperatures and aTiO2 reported by Ghiorso and Gualda (2013) 
estimated using Fe-Ti oxides.   Mount St. Helens titanium activity estimates from Ghiorso and 
Gualda (2013) decrease with temperature, the same trend in data from this study.  MSH titanium 
activity values from this study are similar but reach higher values at lower temperatures, 




















Likely limit of Ti activity 

















Figure 23.  Scatter plots showing pressure and temperature conditions of quartz crystallization 
for both MSH and LVC.  For LVC, there is a strong relationship between pressure and 
temperature as well as an overall decrease in both pressure and temperature over time.  MSH P-T 
data is more scattered with no clear relationship between pressure and temperature but 
































































Figure 24.  Scatter plots showing the minimum, maximum, and average temperature and 
pressure estimates from individual grains from LVC and MSH samples.  Vertical sets represent 
individual grains and different symbols represent different rock samples listed below the x axis.  
The data only includes grains with at least two P-T estimates.  Within data sets of individual 


































































































































































































































































































































Figure 25a.  Summary of quartz analyses, melt inclusion analyses, and subsequent P-T estimates 
of category 1 grains.  Both grains are from LVC eruptions.  In both cases there are major 
variations in pressure, temperatures and/or aTiO2 concentrations from core to rim.  The top grain 
shows an increase in temperature, aTiO2, and pressure while the bottom grain shows a decrease 
in temperature, pressure and aTiO2 from to core to rim.  Quartz sample names are given.  Scale 






















Analysis Melt Inclusions Data Quartz Data 











1 1.1 0.10 1.0 49 704 113 1.3 
2 0.84 0.11 0.5 44 662 93 0.18 
3 1.0 0.13 1.5 58 700 105 1.4 
4 0.98 0.12 1.7 44 676 98 1.1 
5 0.89 0.12 0.5 56 682 93 0.30 
6 1.2 0.11 1.0 67 730 99 2.2 
Analysis Melt Inclusions Data Quartz Data 











1 0.82 0.11 0.5 48 667 106 0.13 
2 0.85 0.12 0.5 48 671 106 0.15 
3 0.98 0.11 1.5 45 682 111 0.93 
4 0.89 0.10 0.5 45 672 111 0.13 
7 1.1 0.10 1.1 52 703 77 2.2 






















Figure 25b.  Summary of quartz analyses, melt inclusion analyses, and subsequent P-T estimates 
from category 3 grains.  Oscillatory zones in these grains show significant internal dissolution 
suggesting several episodes of dissolution and regrowth during quartz growth.  Irregular 
oscillatory zoning is complemented by major changes in P-T conditions during quartz growth.  






















Analysis Melt Inclusions Data Quartz Data 











2 1.2 0.14 1.0 93 752 113 2.3 
4 1.0 0.10 1.3 52 690 102 1.2 
5 1.3 0.11 1.1 70 732 113 1.8 
6 1.1 0.14 1.6 54 700 98 1.5 
7 1.1 0.14 1.6 56 700 98 1.5 
8 1.2 0.12 1.1 62 715 98 1.8 
Analysis Melt Inclusions Data Quartz Data 











1 1.0 0.10 1.6 51 689 97 1.3 
2 0.98 0.13 1.6 51 687 109 1.0 
3 1.0 0.13 1.3 57 698 87 1.8 





















Figure 26.  Summary of quartz analyses, melt inclusions analyses, and P-T estimates from select 
grain from the 27-ka-Lassen Peak-dacite.  In both cases, grains show oscillatory CL growth 
zones with minimal dissolution.  In accordance, P-T estimates and aTiO2 estimates are relatively 
consistent.  Quartz sample names are given.  Scale bars are 500 µm.  


























Analysis Melt Inclusions Data Quartz Data 











1 1.1 0.13 1.3 59 707 109 1.4 
2 1.2 0.14 0.93 77 736 109 1.8 
4 1.1 0.11 1.0 67 716 109 1.6 
Analysis Melt Inclusions Data Quartz Data 











1 1.2 0.16 1.3 64 722 99 2.0 




































Figure 27.. Summary of quartz analyses, melt inclusions analyses, and P-T estimates from select 
grain from 66-ka-Eagle Peak-rhyodacite (A), 1103-yr-Chaos Crags-rhyodacite (B), and 1915-
Lassen Peak-black dacite (C) eruptions.  In each case, diffuse, low-contrast oscillatory zoning is 
reflected by low Ti contents and low variations in pressure estimates.  Melt inclusions in these 
grains also appear to show low fluctuations in TiO2 and Zr abundances, aTiO2 and temperatures 
estimated from Zr concentrations.  Quartz sample names are given.  Scale bars are 500 µm.  
Analysis Melt Inclusions Data Quartz Data 











1 1.9 0.17 1.3 63 747 107 2.4 
3 1.6 0.14 1.2 61 737 99 2.4 
4 2.6 0.14 0.97 61 761 107 2.7 
Analysis Melt Inclusions Data Quartz Data 











1 1.1 0.15 1.4 64 712 103 1.6 
2 1.1 0.13 1.7 47 687 106 1.1 
3 1.2 0.16 1.5 53 709 106 1.5 
4 1.0 0.15 1.7 57 697 106 1.3 
Analysis Melt Inclusions Data Quartz Data 











1 0.98 0.11 1.3 51 691 97 1.4 
2 1.0 0.10 1.2 49 694 106 1.2 


















































Figure 28.  Summary of quartz analyses melt inclusions analyses, and P-T estimates from select 
grain from the MSH 272-ka-dacite (A, B) and the MSH 263-ka-dacite (C) eruptions. Internal 
textures are marked by low-contract oscillatory zones however pressure variability is still at least 
1 kbar.  Quartz sample names are given.  Scale bars are 500 µm.    
 
Analysis Melt Inclusions Data Quartz Data 











1 1.7 0.07 0.73 50 718 29 5.7 
3 1.5 0.13. 1.4 53 721 59 3.8 
Analysis Melt Inclusions Data Quartz Data 











3 1.7 0.09 0.98 50 719 42 5.3 
6 1.6 0.09 0.79 72 739 50 4.3 
Analysis Melt Inclusions Data Quartz Data 











3 3.2 0.06 0.68 35 715 49 2.8 
 2.8 0.09 0.94 41 685 NA NA 




























Figure 29.  Summary of quartz analyses and melt inclusion analyses, and P-T estimates from 
category 2 grains from the MSH 147-ka-dacite (A) and the LVC 40-50-ka-Hat Mountain-
andesite (B).  Temperature estimates from melt inclusions-hosted in the bright cores in the Hat 
Mountain-andesite grain are some of the highest temperatures recorded in quartz-hosted melt 
inclusions in this study.  Quartz sample names are given.  Scale bars are 500 µm.  
   
 
  
Analysis Melt Inclusions Data Quartz Data 











1 1.6 0.17 1.1 115 766 133 2.2 
2 1.4 0.13 0.98 93 762 133 1.6 
3 1.2 0.15 1.1 73 726 133 1.3 
Analysis Melt Inclusions Data Quartz Data 











1 1.2 0.13 0.81 118 769 129 1.7 

















Figure 30.  Scatter plots of quartz crystallization temperatures measured using Zr saturation 
thermometry (Watson and Harrison, 1983) based on quartz-hosted melt inclusion compositions 

























































































































































































































































































































































Figure 31.  Scatter plots of quartz crystallization temperatures measured using Zr saturation 
thermometry (Watson and Harrison, 1983) based on quartz-hosted melt inclusion compositions 

















































Figure 32.  Melt inclusion analyses from select grain from the 27-ka-Lassen Peak-dacite.  The 
left image shows a category 1 grain with a dark core truncated by a bright rim.  The image on the 
right shows a category 3 grain with oscillatory zoning.  Both cases are examples of significant 
variation in trace-elements in melt inclusions particularly in Li concentrations.  Quartz sample 







































2 core 5.43 0.07 10.78 75.04 3.61 0.60 0.11 0.05 0.56 2515.84 124.56 44.91 7.74 44.44 10.94 7.87 635.66 
4 core 4.53 0.08 10.78 75.04 3.31 0.60 0.12 0.05 0.56 2031.60 116.10 58.70 8.74 43.56 11.21 6.37 682.44 
5 core 5.10 0.12 10.78 75.04 3.41 0.70 0.12 0.05 0.73 2371.57 114.57 71.34 9.43 55.59 11.30 6.98 723.52 
1 rim 2.81 0.11 10.30 75.44 4.01 0.30 0.10 0.03 0.88 286.90 427.06 27.46 6.33 49.06 10.49 17.61 265.81 
3 rim 3.70 0.08 11.26 73.45 4.40 0.61 0.13 0.02 0.60 509.78 223.38 59.51 6.28 57.59 10.85 6.62 580.93 
6 rim 2.96 0.08 10.78 75.04 3.46 0.51 0.11 0.03 0.54 2371.57 311.38 66.31 7.84 66.95 10.65 6.37 650.40 
LC13-2542-25 
2  2.51 0.04 10.42 73.00 4.11 0.18 0.13 0.02 0.92 218.23 541.30 8.89 8.25 51.88 12.85 128.02 315.40 
5  2.99 0.08 10.42 75.04 3.20 0.61 0.11 0.03 0.46 405.91 332.47 58.98 7.60 53.38 8.92 5.40 695.00 
7  2.91 0.10 10.42 75.04 3.34 0.57 0.12 0.04 0.69 493.95 373.55 68.43 10.20 89.37 10.36 8.43 567.89 











     
 
  
Figure 33. Harker diagrams of major element abundances of quartz-hosted melt inclusions, 
whole rock, and matrix glass.  Major element data was measured via EMP.  In the legend, “WR” 
refers to whole rock and “MG” refers to matrix glass.  In all samples analyzed, whole rock 
compositions are enriched in Ti, Al, Fe, Mn, Mg, and Ca and depleted in Si and K.  Matrix glass 
compositions are consistent with quartz-hosted melt inclusion compositions from the same 





















































































































































Figure 34.  Chemical variation diagrams of major element abundances of quartz-hosted melt 
inclusions, whole rock compositions (WR), and matrix glass (MG).  For every sample, whole 
rock compositions are enriched in Ti, Al, Fe, Mn, Mg  and Ca and depleted in Si and K.  Matrix 
glass compositions from the 1103-yr-Chaos Crags-rhyodacite are enriched in Mn and Ca 
compared to quartz-hosted melt inclusions.  Matrix glass compositions from the 35-ka-Kings 
Creek-rhyodacite are enriched in Ca, Mg, Ti, Mn, and Fe compared to quartz-hosted melt 















































































WR 1915-Lassen Peak-black dacite
MG 35-ka-Kings Creek-rhyodacite
MG 1103-yr-Chaos Crags-rhyodacite






























Figure 35.  Melt inclusion analyses from select grains from the 66-ka-Eagle Peak-rhyodacite.  
Both images show quartz with low contrast CL-zoning.  The image on the right shows low-
contrast euhedral oscillatory zoning.  In both cases, there is no significant changes in melt 
inclusions compositions throughout the grains.  Quartz sample names are given.  Scale bars are 




















































1  2.61 0.12 12.10 75.94 2.06 0.70 0.17 0.04 0.64 33.32 95.25 100.48 7.56 63.03 11.12 5.71 682.18 
3  3.12 0.12 11.73 75.94 2.16 0.60 0.14 0.04 0.51 38.61 113.93 73.61 8.17 61.44 12.36 6.11 754.25 
4  2.17 0.11 13.27 75.94 1.43 0.61 0.14 0.03 0.58 33.73 62.70 67.85 10.05 60.84 10.99 3.47 504.97 
LC12-2540-16 
1  3.38 0.10 11.91 75.94 2.22 0.59 0.12 0.04 0.51 40.51 93.16 82.88 7.62 53.61 10.91 6.26 691.51 
2  3.07 0.10 12.10 75.94 2.02 0.57 0.12 0.03 0.47 33.72 90.44 70.64 7.85 54.86 10.44 5.38 638.68 





























Figure 36a.  Melt inclusion analyses from category 2 grains with CL-bright cores and CL-dark 
mantles/rims.  The image on the left is from the LVC 40-50-ka-Hat Mountain-andesite and the 
image on the right is from the MSH 147-ka-dacite.  Quartz sample names are given.  Scale bars 

























































1 bright core 3.83 0.03 13.31 75.94 4.44 0.58 0.13 0.01 0.39 401.58 129.64 63.29 12.36 117.65 9.6 5.55 887.55 
2 bright core 3.70 0.20 13.31 75.94 4.41 0.48 0.14 0.03 1.12 327.21 125.87 65.06 10.67 69.89 11.08 11.33 818.18 
SC06-862B-19 
1 bright core 4.67 0.20 12.59 76.63 1.93 1.07 0.18 0.03 0.92 98.16 58.07 161.69 8.61 114.72 6.5 2.92 519.39 
2 bright core 4.20 0.15 12.59 76.63 1.78 0.70 0.13 0.02 0.88 74.34 64.68 104.53 9.1 92.63 5.95 3.53 515.14 

























Figure 36b.  Melt inclusion analyses from quartz grains from the MSH 147-ka-dacite.  The left 
and middle grains both show oscillatory growth zones (category 2) and the grain on the right 
show a bright core truncated by a dark rim (category 3).  Melt inclusion compositions from the 
bright core are relatively enriched in FeO compared to melt inclusion compositions from the 















































1  4.43 0.12 12.59 76.63 2.15 0.75 0.10 0.02 0.69 37.6 67.1 72.37 7.79 57.47 5.28 3.29 531.42 
2  4.61 0.12 12.59 76.63 2.18 0.85 0.12 0.02 0.71 73.66 78.04 99.13 8.91 72.98 4.08 4.62 618.04 
4  2.73 0.10 12.59 76.63 1.79 0.62 0.09 0.02 0.66 62.02 61.34 93.87 9.08 71 5.17 3.53 461.11 
6  2.80 0.08 12.59 76.63 1.60 0.77 0.09 0.02 0.59 45.92 33.03 65.75 9.09 46.2 4.42 3.56 317 
SC06-862A-24 
1  3.98 0.13 12.59 76.63 1.96 0.98 0.13 0.02 0.70 103.69 62.22 101.04 8.86 71.79 3.62 3.65 520.38 
2  4.58 0.11 12.59 76.63 2.06 0.76 0.09 0.02 0.72 96.95 66.04 80.3 7.23 44.67 3.62 3.14 409.13 
4  4.41 0.10 12.59 76.63 2.28 1.10 0.06 0.02 0.78 <26.65 72.47 91.24 8.18 71.22 4.86 4.77 541.41 
SC06-862B-19 
1 bright core 4.67 0.20 12.59 76.63 1.93 1.07 0.18 0.03 0.92 98.16 58.07 161.69 8.61 114.72 6.5 2.92 519.39 
2 bright core 4.20 0.15 12.59 76.63 1.78 0.70 0.13 0.02 0.88 74.34 64.68 104.53 9.1 92.63 5.95 3.53 515.14 













































Figure 37. Cartoon version of the conceptual model for quartz crystallization at LVC.  Quartz is 
the only phase depicted.  Additionally, only quartz that remains in the chamber after each 
eruption is shown.  Panel A shows hypothetical initial quartz growth in a magma chamber.  Panel 
B shows a relatively low volume magma intrusion into the shallow magma chamber leading to 
partial quartz dissolution, quartz remobilization, and eruption.  In panel C quartz begins to grow 
at new stable conditions with new growth zones on older grains.  The brightness of the most 
recent growth zones varies for different grains reflecting compositional heterogeneities in the 
crystal mush.  This process is repeated (panels D through F) with new generations of quartz 
growing.  Each intrusion event only affects quartz within or proximal to the location of the 
intrusion.  By the final intrusion in panel F, quartz has started growing at different times and at 
different locations throughout the magma chamber.  Most grains have been affected by multiple 
intrusion events depending on relative age and location.  Recycling and remobilization of quartz 









proximal to one another.  Therefore, an individual erupted batch of magma may contain multiple 
quartz grains with diverse and complex growth histories reflected in complex CL-zoning in 
quartz, variable P-T estimates, and compositional variability.  The internal textures of quartz in 
the magma represent the CL-zoning textures identified within individual eruptions in rock 
samples from this study.  Grain 1 represents a category 1 grain with a CL-dark core truncated by 
a CL-bright rim.  Grain 1 is a category 2 grain with a CL-bright core truncated by a CL-dark 
rim.  Grain 3 depicts a category 3 grain with oscillatory zoning characterized by discordant 
zones.  Grain 4 depicts a category 3 grain with some euhedral oscillatory zoning and some 



























Appendix A: Description of Samples 
 
 
Lassen Volcanic Center 
 
116-ka-Raker Peak-rhyodacite is a rhyodacite (71.91 wt.% SiO2) of Raker Peak and is part of the 
Rockland Sequence. The sample was collected at the base of the Raker Peak rhyolite dome along 
Hwy 89 in Lassen Volcanic National Park (lat 40°31'21.01"N., long 121°28'33.97"W.)  The age 
of this deposit is 116 ka as determined by 40Ar/39Ar dating (Germa et al., 2019).  The specimen 
contains about 40% phenocrysts (plagioclase> biotite> quartz> amphibole> Fe-Ti oxides) with 
accessory apatite, and rare zircon.  Most quartz phenocrysts are partially dissolved.  Apatite is 
often found as a mineral inclusion in all of the phases.  Two groundmass types are present.  
Types 1 makes up the majority of the groundmass and is generally fine-grained microcrystalline 
plagioclase, biotite, and quartz.  This groundmass is relatively dark in CL.  Type 2 is dispersed in 
small occurrences throughout the specimen and is often separated by fractures.  Type 2 contains 
somewhat larger microcrystalline quartz and plagioclase and is notable brighter in CL.  These 
occurrences often contain clusters of calcic plagioclase, amphibole, Fe-Ti oxides, apatite, and 
sometimes biotite.  The occurrence of two groundmasses is the result of local disaggregation of 
quenched mafic inclusions and their incomplete dispersal.  There are multiple populations of 
plagioclase including homogenous calcic, homogenous sodic, and calcic cores abruptly truncated 
by sodic rims.  Thick or very thin borders of groundmass two commonly surround quartz.  
Quartz grains are often rounded and fractured.  In some cases, quartz is adjacent to both 
groundmass types.  Thin CL-bright borders often surround quartz which may be reaction rims 
from disequilibrium.  Quartz grains are subhedral to anhedral and are almost always dissolved 
and fractured.  Melt and mineral inclusions in quartz are sparse.  Mineral inclusions include Fe-
Ti oxides, amphibole, and apatite.   
 
 
66-ka-Eagle Peak-rhyodacite is a rhyodacite (70.86 wt.% SiO2) and was emplaced during the 
Eagle Peak Sequence as a pyroclastic flow.  The sample was collected at the intersection of 
highways 89 and 44 at the north entrance of Lassen Volcano National Park (lat 40°32'31.74"N., 
long 121°34'37.95"W.).  The age of the the pyroclastic deposit is 66±4 ka determined by 
40Ar/39Ar dating.  The specimen contains about 45% phenocrysts (plagioclase> biotite> quartz> 
amphibole) with accessory apatite, Fe-oxides, Fe-Ti oxides, and rare zircon.  Plagioclase grains 
are dominantly homogenous and sodic.  Some, however, show oscillatory growth zones from 
varying Na and Ca concentrations.  When zones are apparent, the cores may be rounded.  
Overall, the contrast in zones is low.  The groundmass is primarily composed of glass and 
vesicles with microphenocrysts of plagioclase, biotite, amphibole, Fe-Ti and Fe oxides, and 
apatite.  Quartz grains are always rounded, dissolved, and fractured and are subhedral to anhedral 
in habit.  Melt and mineral inclusions are present in quartz, the latter include apatite, Fe-Ti 
oxides, amphibole, and biotite.       
 
40-50-ka-Hat Mountain-andesite is an andesite of Hat Mountain that erupted during the Twin 
Lakes Sequence.  The sample was collected from the felsic phenocryst-rich part of the andesite 
Hat Mountain lava flow from the phenocryst rich margin of the flow near Dersch Meadows (lat 
40°30'48.79"N., long 121°27'12.52"W.).  The sample is stratigraphically correlated to be 40-50 
 128 
ka.  The specimen contains about 25% phenocrysts (plagioclase> quartz> amphibole) and 
accessory Fe-Ti oxides, apatite, and zircon.  The groundmass is composed of microcrystalline 
plagioclase and glass.  Several populations of plagioclase are present but generally show a trend 
of increasing Ca content from core to rim.  Some plagioclase grains contain sodic cores with thin 
calcic rims.  Others have calcic cores with rims of higher Ca content.  One population has three 
main zones which increase in Ca content from core to rim.   Some grains are calcic and 
homogenous with no growth zones.   Several disequilibrium indicators are present such as 
rounded amphibole grains and amphibole grains replaced by fine grained intergrown pyroxene, 
Fe-Ti oxides, and plagioclase.  Quartz grains are subhedral and anhedral.  Most grains are 
fractures and often contain embayments.  All grains are surrounded by disequilibrium rims or 
pyroxene-rich coronas.  Melt inclusions and mineral inclusions are present but rare.  Mineral 
inclusions include Fe-Ti oxides and apatite. 
 
35-ka-Kings Creek-rhyodacite is a porphyritic hornblende-biotite rhyodacite (70.00 wt.% SiO2) 
and erupted during the Eagle Peak Sequence as a lava flow.  The sample was collected near the 
contact between the dacite of Reading Peak and the rhyodacite of Kings Creek on Hwy 89 in 
Lassen Volcano National Park (lat 40°28'31.78"N., long 121°28'45.74"W.).  A pyroclastic 
deposited correlated with this flow was dated to be 35±1 ka by radiocarbon dating.  The sample 
contains about 35% phenocrysts (plagioclase> biotite> hornblende >quartz) with sparse 
hypersthene, Fe-Ti oxides, and zircon (Clynne and Muffler, 2008).  The sample contains sparse 
mafic inclusions with a coarse-grained groundmass with hornblende and plagioclase and reacted 
phenocrysts from the host dacitic magma (Clynne and Muffler, 2008).  The groundmass is 
primarily composed of glass with microphenocrysts of biotite, amphibole, pyroxene, and Fe-Ti 
oxides.  Overall, quartz phenocrysts are rare and is always rounded and with embayments.  The 
grains are subhedreal to anhedral.  Quartz hosts few melt or mineral inclusions.  Mineral 
inclusions in quartz include apatite.  
   
27-ka-Lassen Peak-dacite is a hornblende-biotite dacite (68.12 wt.% SiO2) deposited during a 
dome collapse pyroclastic flow from Lassen Peak during the Eagle Peak eruptive sequence and 
collected from a 1915 lahar deposit (lat 40°30'53.99"N., long 121°28'7.04"W.).  The age of this 
sample is 27±1 ka as determined by 40Ar/39A dating.  The sample contains about 50% 
phenocrysts (plagioclase> quartz> biotite> hornblende) with accessory Fe-Ti oxides, apatite, and 
rare zircon.  The groundmass is primarily composed of microphenocrysts of plagioclase, 
amphibole, biotite, quartz, and glass.  Microphenocryst plagioclase grains are strongly zoned.  
Multiple populations of plagioclase are present.  One population is plagioclase with about An30 
often with thin rims of about An40.  Another population is sieved plagioclase with An30 cores and 
strongly zoned An60-40 rims.  The third population is made up of generally An70 plagioclase with 
rims An50-40.  The sample also contains a mm scale magma inclusion composed of 
microphenocrysrs of calcic plagioclase, amphibole, Fe-Ti oxides, apatite, pyroxene, and 
accessory zircon.  A quartz grain hosted within the magma inclusion is surrounded by a pyroxene 
corona.  Outside of the inclusion, quartz grains are subhedral and anhedral.  These grains contain 
fractures and embayments.  Melt and mineral inclusions in quartz are common.  Mineral 




1103-yr-Chaos Crags-rhyodacite is a hornblende-biotite rhyodacite (70.03 wt.% SiO2) and was 
emplaced as a lava flow during the Eagle Lake eruptive sequence as a part of the Chaos Crags.  
The age of this deposit is 1103±13 years B.P based on 14C ages of pyroclastic flow deposits 
correlated with this sequence.  The sample was collected at the base of the Dome B coulee of 
Chaos Crags (lat 40°32'15.44"N., long 121°34'20.32"W.).  The specimen contains about 40% 
phenocrysts (plagioclase>biotite>hornblende> quartz>Fe-Ti oxides) with accessory apatite and 
zircon.  The groundmass is primarily composed of glass and contains microcrystalline k-feldspar, 
quartz, and plagioclase.  Multiple populations of plagioclase are present.  On population is sodic 
and homogenous while few are calcic and homogenous.  Another population contains calcic 
cores that are dissolved and truncated by sodic rims.  Some grains show sodic rims and calcic 
rims.  Clusters of microphenocrysts of hornblende, plagioclase, and some biotite are also present.  
Many phenocrysts show evidence of disequilibrium.  Biotite phenocrysts are often surrounded by 
disequilibrium rims.  Some amphibole grains are dissolved and surrounded by disequilibrium 
rims of Fe-Ti oxides.  Quartz grains are anhedral to euhedral.  All quartz grains are surrounded 
by thin CL-bright rims.  Grains are generally fractured and contain sinuous and lobate 
embayments.  Melt and mineral inclusions are both common.  Mineral inclusions include apatite, 
Fe-oxides, and biotite.   
 
1915-Lassen Peak-black dacite is a black dacite (64.89 wt.% SiO2) emplaced as a lava dome 
during the 1915 eruption during the Twin Lakes Sequence.  The sample was collected from a 5-
m prismatic block from a mudflow deposit (lat 40°32'16.53"N., long 121°29'28.69"W.).  The 
specimen contains about 45% phenocrysts (plagioclase> biotite> hornblende> quartz) with 
microphenocrysts of plagioclase, clinopyroxene, orthopyroxene, and titanomagnetite with 
accessory apatite and zircon.  The groundmass is composed of microphenocrysts of plagioclase, 
pyroxene, and Fe-Ti oxides with sparse amphibole, biotite, and quartz.  Small clusters of 
microphenocrysts of Fe-oxides, pyroxene, apatite, biotite, and amphibole are scattered 
throughout the specimen.  Multiple populations of plagioclase are present.  These populations 
include one of unreacted plagioclase with oscillatory zoning which are mostly An30 in 
composition with some zones op to An45 in composition (Clynne, 1999).  Some of these 
phenocrysts contain ragged xenocrysttic cores up to An80 (Clynne, 1999).  Cores in unreacted 
plagioclase range in composition from An30 to An50 and some contain calcic rims (Clynne, 
1999).  Another population of plagioclase is made up reacted phenocrysts which are commonly 
clouded with small glass inclusions and rounded cores (Macdonald and Katsura, 1965).  Reacted 
plagioclase grains have overgrowth rims with normal zoning ranging from An75 at the boundary 
of the reacted area to about An50 at the crystal margin (Clynne, 1999).  These overgrowth rims 
contain small pyroxene or Fe-Ti oxide microphenocrysts (Clynne, 1999).  The black dacite also 
contains acicular plagioclase microphenocrysts some of which have small cores at about An75 in 
composition with normal zoning to An50 similar to the rims of reacted phenocrysts (Clynne, 
1999).  Other plagioclase microphenocrysts are similar in composition to the uncreated 
phenocrysts.  Reaction rims are found around amphibole, biotite, and quartz.  The black dacite 
contains many andesitic inclusions with olivine, hornblende, and reacted plagioclase, 
hornblende, biotite, and quartz as well as Fe-Ti oxides.  Quartz phenocrysts are euhedral to 
anhedral and are often rounded, embayed, and fractured.  Melt and mineral inclusions are 
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272-ka-dacite is a quartz-hornblende-biotite dacite (67.76 wt.% SiO2) and was emplaced as a 
lava dome during the Ape Canyon eruptive stage (lat 46° 8'51.00"N., long 122°16'57.60"W.).  
The age of the deposit is 272.7±0.9 ka based on 40Ar/39A dating.  The sample contains about 40% 
phenocrysts (plagioclase> quartz> biotite> hornblende) with accessory apatite, Fe-Ti oxides, and 
rare zircon.  Several populations of plagioclase are present including some grains with slightly 
sodic cores and less sodic rims (often separated by a thin calcic zone).  The groundmass is 
primarily composed of glass, microcrystalline plagioclase and quartz as well as Fe-Ti oxides.  
Quartz grains are subhedral to euhedral often showing dissolution and embayments.  Quartz 
grains commonly show disequilibrium thin rims groundmass microcrystals nucleating on the 
surface of quartz.  Melt and mineral inclusions in quartz are present the latter of which includes 
apatite, zircon, Fe-Ti oxides, and pyroxene.   
 
263-ka-dacite is a quartz-biotite-hornblende dacite (67.71 wt.% SiO2) and was emplaced as a 
lava dome or erupted as a pyroclastic flow during the Ape Canyon stage.  The sample was 
collected from a till deposit at Cape Horn Creek (lat 45°59'9.60"N., long 122°33'28.80"W.) and 
has an age of 263±19 ka based on 40Ar/39A dating (Clynne, 2008).  The sample contains about 
65% phenocrysts (plagioclase> quartz> hornblende> biotite> cummingtonite) with accessory 
zircon and Fe-Ti oxides.  Multiple populations of plagioclase are present such as plagioclase 
with rounded calcic cores often containing sieve textures with sodic rims which have overgrown 
the rounded cores. Another population is plagioclase grains containing complex zoning and 
primarily contain sodic cores and alternating oscillatory zones of thick sodic and thin calcic 
growth zones.  Sieve textures are generally confined to thin calcic zones.  Some zones are 
rounded suggesting dissolution.  The groundmass is primarily composed of hydrated glass.  
Quartz grains are anhedral to euhedral and are surrounded by thin CL-bright rims.  Quartz grains 
are often embayed.  Melt inclusions in quartz are sparse while mineral inclusions are common 
and include Fe-Ti oxides, zircon, apatite, and cummingtonite. 
 
147-ka-dacite is a quartz-biotite-hornblende dacite (67.72 wt.% SiO2) and erupted during the 
Ape Canyon stage most likely as a lava dome but possible as a lithic pyroclastic flow.  The 
sample was collected by Kalama River Road from a lahar deposit (lat 46° 6'26.59" N., long 
122°21'24.34" W.) has an age of 147±15.2 ka based on 40Ar/39Ar dating.  The specimen contains 
about 60% phenocrysts (plagioclase> quartz>hornblende> biotite>Fi-Ti oxides) with accessory 
apatite and zircon.  The groundmass contains microcrystalline quartz and plagioclase with small 
amounts of apatite.  Mineral grains show several indicators of disequilibrium such as multiple 
populations of plagioclase and reaction rims around various grains.  Vesicles are common 
throughout.  Multiple populations of plagioclase are present including homogenous sodic 
plagioclase, homogenous calcic plagioclase, plagioclase with sodic cores and calcic rims, and 
plagioclase with oscillatory growth zones.  Some amphibole grains show multiple growth zones 
and may have been converted to pyroxene.  Amphibole also commonly replaces biotite.  
Additionally, most quartz grains are rounded and fractured.  Melt and mineral inclusions are 




84-ka-dacite is a quartz-biotite-hornblende-dacite (65.55% SiO2) and was emplaced as lava 
dome during the Ape Canyon eruptive stage.  The sample was collected on the MSH crater floor 
(lat 46° 4'22.17"N., long 122°44'20.60"W.) and has an age of 84.2±21.9 ka based on 40Ar/39Ar 
dating.  The sample contains about 65% phenocrysts (plagioclase> quartz> biotite> hornblende> 
cummingtonite) with accessory apatite, zircon, and Fe-Ti oxides.  The groundmass is composed 
primarily of glass.  Multiple populations of plagioclase grains are present.  One population 
contains rounded sodic cores truncated by calcic rims sometimes containing sieve textures.  
Another population plagioclase grains contains oscillatory growth zones of alternating sodic and 
calcic plagioclase.  Some mineral grains contain evidence for disequilibrium.  Hornblende 
phenocrysts are surrounded by cummingtonite rims and disequilibrium rims.  Plagioclase grains 
often contain rounded growth zones.  Some biotite grains also are rounded and truncated by 
disequilibrium rims.  Quartz grains are anhedral to euhedral.  Most grains are fractured and some 
contain sinuous or lobate embayments.  Quartz grains a surrounded by a thin CL-bright rim. 
Quarts grains contain some melt inclusions and mineral inclusions.  Mineral inclusions include 
pyroxene or cummingtonite, zircon, apatite, and Fe-Ti oxides. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
